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BSA: Bovine Serum Albumin.
X-gal: 5-bromo-4-chloro-3-indolyl-p-D-galactoside.
IPTG: Isopropyl-p-D thiogalactoside.
SDS: Sodium Dodecyl Sulphate.
PVP: Polyvinylpyrrolidone.
MOPS: 3-(N-Morpholino) propanesulphonic acid.
LB Broth: Luria Bertani Broth.
IVS: Intervening Sequence.
IGS: Internal Guide Sequence.




LI - L9: the terminal loop regions of the Tetrahymena
secondary structure.
PI - P10: the base paired regions of the Tetrahymena
secondary structure.
J: the segments connecting the base paired
regions are designated by J, for example J3/4 
connects base paired regions P3 and P4.
Sc.LSU: The large ribosomal precursor of Saccharomyces
cerevisiae.
pSP65.LSU: The pSP65 vector containing the Tetrahymena intron
construct inserted between the Hind III and EcoRI restriction 
sites.
pBS.LSU: The Bluescript vector containing the Tetrahymena intron.
construct inserted between the Hind HI and EcoRI restriction 
sites.
x
pSP65(UU): The pSP65, but with TT at positions 2 and 3 instead of AA.
The nomenclature for the mutants is based on the intron sequence numbering 
used by J. M. Burke et a l (1987). The non-encoding G added to the 5' end is 
num bered Gl. A base change is identified by the wild type nucleotide 
followed by the change, so a U to A change at position 412 is U412A. Bases in 
the 5' exon are numbered from the 5' splice site as N_^.
Circle nomenclature is based on the number of nucleotides within a circle and 
their origin. For example, C-413 refers to a circle containing all 413 bases of 
the intron (attack at the 5' splice site). C-413:5E23 contains 413 bases of the 
intron and 23 bases of the 5' exon. C-413:3E5 contains 413 bases of the intron 
and 5 bases of the 3' exon.
Circles that form from molecules which re-open at a site other than the 
original circle junction are shown as C*. For example, C*413:5E8, has re­
opened with 8 bases of the 5' exon attached to the 3' end of the intron, this is a 
circle formed at the 5' splice site containing 413 bases of the intron and 8 bases 
of the 5' exon.
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SUMMARY.
The precursor of the large rRNA of the ciliated protozoan Tetrahymena 
thermophila contains a 413 nucleotide intron which can undergo accurate RNA 
splicing in vitro in the absence of proteins. The excised intron can then 
undergo a series of circularisation and hydrolysis reactions. The 
circularisation reaction is dependant on the formation of base paired stems at 
the Internal Guide Sequence, but the mechanisms that recognise these 
structures are unknown. To investigate these mechanisms I have developed a 
method to accurately identify circularisation sites in both the 5' intron and 5* 
exon sequence. Amplified cDNA products containing circularisation sites 
were cloned and sequenced to identify their sites of circle formation. A wide 
range of mutations, 7 in the PI substrate, 17 in the core region and 11 at the 3' 
terminal nucleotides of the intron were investigated for their effects on the 
fidelity of circularisation site recognition. A comparison of the new 
circularisation sites discovered in this work has led to the proposal of a two 
stage binding model. Firstly the RNA substrate is formed via Watson-Crick 
base pairing interactions and is then bound in a second stage to a particular 
set of tertiary RNA-RNA interactions within a common binding region.
The identification of a novel circle in some of the 3' splice site mutants led to 
the discovery of a new site for circle hydrolysis other than that used during 
circle formation. The similarity of this site to the 3' splice site suggested that 3' 
splice site hydrolysis and circle re-opening are recognised via the same 
mechanism.
To further characterise the guanosine binding site, all 15 nucleotide 
combinations were substituted at positions G264 and C311. The mutants were 
tested for increased splicing activity with guanosine analogues and G264C 
was found to be active in the presence of 1-methylguanosine. The P7 stem of
1




The RNA transcribed from eukaryotic and some prokaryotic genes has to 
undergo a series of complex RNA processing events to produce a mature 
RNA molecule. These events can include processes such as capping, 
polyadenylation, RNA splicing and RNA editing. The coding sequences 
(exons) of some genes are interrupted by non-coding region (introns) which 
have to be accurately removed with the concomitant ligation of the exons. 
This process is called RNA splicing and can require the presence of proteins 
to enhance or catalyse the splicing reaction e.g., RNase P in tRNA processing 
and snRNPs are required for splicesome formation in nuclear mRNA 
splicing. Introns have been divided into four major classes based on 
conserved RNA structure and their mechanism of splicing: Group I, Group II, 
nuclear mRNA and nuclear tRNA.
1.2. Self Splicing.
Group I and group II introns (Davies et al., 1982; Michel et al., 1982) are found 
in the organellar genes of lower eukaryotes and plants, while group I introns 
have also been identified in some nuclear ribosomal RNA genes and 
bacteriophage T4. The precursor of the large ribosomal RNA from the 
protozoan Tetrahymena thermophila contains a 413 nucleotide intron which 
was shown to belong in group I (Burke & RajBhandry, 1982; Michel & Dujon, 
1983; Waring et al., 1983; Cech et al., 1983) and can accurately splice itself from 
its flanking exons in vitro (Cech et al., 1981; Kruger et al., 1982) in a protein 
independent reaction (i.e., it is self splicing).
3
The self splicing reaction is not unique to the Tetrahymena intron and 
examples have been found in both Group I (Garriga & Lambowitz, 1983, 
1984; Tabak et al., 1984) and Group II introns (Peebles et al., 1986; Van der 
Veen et al., 1986; Schmeltzer & Schweyen, 1986.)* Introns of both groups splice 
via two transesterification reactions, but the mechanism is different. 
However, not all group I and group II introns are self-splicing in vitro, this is 
probably due to these introns not folding into the correct structure for self­
splicing in the absence of proteins. Open reading frames (ORF) have been 
identified in both Group I and group II introns. Some of these ORFs were 
thought to encode for maturase proteins which could then aid in the splicing 
of the intron. Proteins encoded by the group I introns have since been found 
to possess endonuclease activity (Burke, 1988 - a review) and those from 
group II have a high sequence homology to reverse transcriptase (Michel & 
Lang, 1985).
13. Group II Splicing.
In group II introns the 5' splice junction is cleaved via nucleophilic attack by 
the 2' hydroxyl group of a universally conserved adenosine residue. The 
adenosine residue is part of the branch site which is located between 3 and 8 
nucleotides upstream from the 3' splice site (fig. 1.1). This results in a 2-5' 
phosphodiester bond between the 5' splice site and the branch site. 
Subsequently there is cleavage of the 3' splice site via nucleophilic attack by 
the 3' hydroxyl of the 5' exon, resulting in exon ligation and the release of the 
intron as a lariat structure. The reaction can proceed in vitro, requiring only 
the presence of Mg^+ ions. The mechanisms of splicing in both group II and 
nuclear mRNA are similar. However in nuclear mRNA the branch site is well 




1). Group II splidng occurs via two transesterification reactions. The first step
attack by the 2' hydroxyl of the branch site (a conserved adenosine residue). 
This forms a 2-5' phosphodiester linkage between the 5' splice site and the 
branch site, releasing the 5' exon and a lariat intermediate containing the 3' 
exon and the intron.
2). The second transesterification reaction is the cleavage of the 3' splice site 
by the 3’ hydroxyl of the 5' exon. This results in exon ligation and the release 
of the intron as a lariat structure.






1.4. Group I  Splicing.
The first step of the Group I splidng reaction is the nucleophilic attack at the 
5' splice site by free guanosine (fig. 1.2). This is followed by a phosphodiester 
transfer between the 3f hydroxyl of the 5f exon and the 3' splice site, releasing 
ligated exons and the excised IVS with guanosine covalently attached to the 5' 
end by a 3-5' phosphodiester bond (Zaug & Cech, 1982; Garriaga & 
Lambowitz, 1983).
1.4.1. Accurate recognition of the Splice Sites.
The Tetrahymena pre-RNA can be thought of as two distinct domains, one 
providing a binding site for the two splice junctions while the core structure 
is responsible for catalytic activity. The 5' splice site is aligned by an Internal 
Guide Sequence (IGS) which is conserved amongst group I introns and base 
pairs with the 5f exon (Davies et al., 1982; Michel et al., 1982; W aring et al., 
1983). This pairing forms the PI interaction (Waring et al., 1986; Been and 
Cech, 1986) (fig. 1.3). The P10 interaction between the IGS and the 3f exon 
(Davies et a l, 1982) enhances the recognition of the 3' splice site (Michel et al, 
1989; Suh & Waring, 1990). However, it is neither necessary nor sufficient for 
3' splice site recognition (Price & Cech, 1988). The 3' splice site is recognised 
by the P9.0 tertiary interaction (Burke et a l, 1989, 1990; Michel et a l, 1990) 
between the penultimate nucleotides (U412 and C413) of the IVS and A314 
and G313 respectively and by the binding of G414 at the guanosine binding 
site.
1.4.2. Secondary Structure of the Group I  Intron.
Phylogenetic analysis of group I intron sequences was used to reveal a 
conserved secondary structure (Davies et al, 1982; Michel et a l, 1982; 




1). Group I splidng occurs via two transesterification reactions. The first step 
of the splicing reaction is the cleavage of the 5' splice site by nucleophilic 
attack of the 3’ hydroxyl group of a free guanosine moiety. The guanosine 
becomes covalently attached to the 5' terminus of the intron by a 3 -5 ’ 
phosphodiester linkage and the 5’ exon is released.
2). The second step of the splicing reaction is the cleavage of the 3' splice site 
by nucleophilic attack of the 3' hydroxyl of the 5' exon. This results in exon 










The diagram shows the exon ligation step of the splidng reaction. The PI 
interaction between the 5' exon and the IGS is thought to align the 5' splice 
site for accurate recognition. The interactions which are important in 3' splice 
site recognition (P9.0, P10 and G264) are indicated. The conserved sequences 
R and S which form the P7 helix of the ribozyme contain G264 which has 
been identified as part of the guanosine binding site. The exons are in lower 
case and the intron sequence in upper case (Michel et a l, 1989).
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Figure 1.4.
The Tetrahymena Conserved Core.
All group I introns contain four conserved sequence elements P, Q, R, & S 
which can form two base paired regions. In addition, two other sequences E 
and E', which are present in some group I introns including the Tetrahymena 
intron can also base pair. These conserved sequence elements have been used 
to model a common core structure for all group I introns. The conserved core 
sequences (E, P, Q, R, E,' S), the IGS (internal guide sequence) and the PI and 
P10 base pairings, which align the splice sites for accurate splicing, are 
shown. The Tetrahymena sequences are shown in upper case lettering and the 
M13mp8 sequence in lower case. The arrows indicate the two splice sites 
(Waring et al., 1986).
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structure is based on four conserved sequence elements P,Q,R and S 
(sometimes referred to as A,B,9L and 2 respectively); pairing region P with Q 
and region R with S. Two unconserved regions E and E' (sometimes referred 
to as 9R' and 9R), which base pair to each other, were also identified in some 
group I introns. These regions are always found in the same order, 
E,P,Q,R,Ef,S, within the primary sequence and are the foundation of the basic 
core structure.
A secondary structural model of the Tetrahymena ribozyme indicating all of 
the proposed base paired regions is shown in fig. 1.5. Analysis of deletion 
mutants has shown that the removal of P2 and P2.1, P5a,b and c (Joyce et al.,
1989), P6a and b (Price et al., 1985), and P9, P9.1, P9.2 and P9.2a (Joyce & 
Inoue, 1987) does not destroy the splicing activity of the intron. The minimum 
size of the core structure which can still support transesterification is 114 
nucleotides (Beaudry & Joyce, 1990). This consists of seven base paired stems, 
P I, P3, P4, P6, P7, P8 and P9. The regions P2, P2.1, P5, P5a, P5b, P5c, P6a and 
P6b are required to stabilise the core structure but are not essential for 
catalytic activity.
1.43, The Group I  Core Structure.
The activity of self splicing introns is dependent on their structure (Cech et al., 
1983; Price et al., 1985; Waring et al., 1985; Burke et al., 1986). Ideally the 
structure of the catalytic core, formed by secondary and tertiary folding 
interactions of the RNA could be determined by X-ray crystallography. 
However ordered crystals of this large RNA molecule have not yet been 




Secondary Structure of the Tetrahymena Intron.
The Tetrahymena intron is predicted to fold into nine base paired stem loop 
regions. Regions PI, P3, P4, P6, P7, P8 and P9 are required for accurate 
transesterification, while regions P2, P2.2, P5a, P5b, P5c, P6a and P6b are 
required to stabilise the core structure. The intron sequences are indicated 
by uppercase lettering and exon sequences by lowercase lettering. The 
locations of the conserved sequence elements are as follows: P, bases 104- 
115; Q, bases 206-216; R, bases 257-270; S, bases 301-312. The secondary 
structural hairpin loops are labelled L1-L9 and the base paired stems P l- 
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Nucleotide substitutions within the intron have been extensively used to 
identify catalytically important nucleotides and to investigate some of the 
proposed Watson-Crick and other structural interactions. The insertion of the 
Tetrahymena intron into the E. coli lacZa sequence (Waring et al., 1985; Price et 
a l, 1985) permitted a rapid in vivo analysis of splicing activity using a 
phenotypic colour assay for the defective RNA. However, mutational analysis 
is difficult to interpret because a malfunctioning ribozyme could be the result 
of anything, ranging from the absence of one critical group necessary for 
catalysis, to the incorrect folding of specific domains which would disrupt the 
core structure.
Chemical modification has been employed to determine the location of 
unprotected nucleotides on the surface of the ribozyme (Inoue & Cech, 1985; 
Latham & Cech, 1989) and to investigate the role of metal ions in tertiary 
folding (Celander & Cech, 1991). UV cross-linking experiments have been 
used to identify residues involved in tertiary interactions in the ribozyme's 
catalytic structure (Downs & Cech, 1990). This information has been used in 
connection with computer analysis to further analyse the group I core 
structure.
1.4.4. The Tertiary Structure o f the Tetrahymena Ribozym e.
To date 78 group I introns have been sequenced. Comparative sequence 
analysis together with information gathered on group I structure as 
previously outlined, has led to the identification of tertiary interactions 
within the group I catalytic core (Michel & Westhof, 1990). The model (fig. 
1.6) contains two structural domains, P 4 /5 /6  and P8/3 /7 , which form a cleft 
to bind the P1/P10 substrate. The two domains are joined at A261 with a 
sharp kink in the RNA backbone, aided by an interaction between the
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Figure 1.6.
Model of the Tetrahymena Intron showing Proposed Tertiary Interactions.
The model suggests the presence of two domains within the ribozyme (P4, 
P5, P6 and P3, P7,P8) which are distinct from the PI substrate. Seven 
tertiary interactions (between bases in PI and nucleotides A114, A115, 
A207 in one domain and A302, G303, A304 and A305 in the other) have 
been proposed to align the PI substrate within the ribozyme core for 
accurate splicing. Tertiary interactions are indicated by broken lines 
(boxed bases have at least 1 base participating in a tertiary interaction). 
The base paired regions are labelled P1-P9 and the terminal loops L1-L9. 
The P2 interactions have been excluded in this model. The circled residues 
are conserved with at most 3 exceptions amongst known group I introns. 
Intron sequences are shown in upper case and the exon sequences are 
lower case (Michel & Westhof, 1990).
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phosphate of A261 and the amino group of A263. The domains are also joined 
by the connecting segments J3/4 and J3/7.
The PI substrate is bound by seven proposed tertiary interactions between 
the PI stem and bases A302, G303, A304 and A305 (Williamson et al., 1987) 
and between the PI stem and bases A114, A115 and A207 (Michel & Westhof,
1990). The joining region, J l/2 , contributes to the correct alignment of the PI 
substrate within the ribozyme core (Young et al., 1991), while the positioning 
of the P2 stem may also contribute to the orientation of PI by interacting with 
L8 , which has been shown to occur in Sc.LSU.
The core structure is thought to fold through a hierarchical pathway similar 
to those seen in proteins. The secondary structure of the ribozyme consists of 
A type RNA helices with short but relatively stable hairpin loops. The next 
level of folding is the contiguous stacking of the RNA helices end to end, e.g., 
the P4/P6 stack and the P3/P8 stack proposed by Kim and Cech (1987). This 
stacking is reinforced by one or more triple base pair interactions. Within the 
gross structure of the ribozyme these helices form two domains which 
interact with each other and the substrate via tertiary RNA-RNA interactions 
(Michel & Westhof, 1990). One proposed tertiary interaction is the binding of 
double stranded RNA helices by A rich loops in the interactions between L2 
and P8  and between L9 and P5 in Sc.LSU. Interactions which are peripheral to 
the core structure of Tetrahymena have proved difficult to analyse, but 
adenosine rich loops are a prominent conserved feature of both group I and II 
introns and this motif may be found in other RNAs.
1.4.5. Circularisation of the Tetrahymena Intron.
The excised IVS of many group I introns can undergo a series of 
circularisation reactions (fig. 1.7) with the release of an oligonucleotide from
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Figure 1.7.
Intron Circularisation and Circle Hydrolysis.
1). The excised intron can form a base paired structure at its 5’ end  containing 
a circularisation site. This is recognised by the ribozyme and  cleaved by the 3’ 
hydroxyl group of the terminal guanosine (G414). The phosphodiester 
transfer reaction releases an oligonucleotide from the 5! end  of the intron, and 
the terminal guanosine is covalently attached to the nucleotide 3’ of the 
circularisation site forming a circular molecule.
2). The circularised intron can be linearised by site specific hydrolysis of the 
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the 5' end of the intron (Zaug et al, 1983; Tabak et a l, 1987). These reactions, 
unlike branched circle formation of group II introns, do not appear to play a 
role in the splicing reaction. Circularisation of the Tetrahymena I VS occurs at 
stem-loop structures (Been & Cech, 1987) and results in the release of 15 or 19 
nucleotides depending on the reaction conditions (Zaug et a l, 1985). The 
intron core recognises these structures, promoting attack by the 3' terminal 
guanosine of the intron in a phosphodiester transfer reaction which resembles 
the first step of splicing. A third minor circle, C-413, is formed from precursor 
RNA molecules that have undergone 3' splice site hydrolysis and circularised 
at the 5' splice site (Inoue et a l, 1986).
1.4.6. Circle Hydrolysis.
The circles can be re-opened at their site of formation via site specific 
hydrolysis by hydroxyl ions (Zaug et a l, 1984). The rate of hydrolysis of this 
bond is Kp to 1 0 ^ fold greater than that of a strained five membered cyclic 
phosphate ester and between 1 (P and 1 0 ^ greater than that of an average 
phosphodiester bond in RNA. Hydrolysis of RNA by alkali is facilitated by 
the 2 ' hydroxyl group which, when deprotonated, readily attacks the nearby 
phosphate, resulting in the formation of a cyclic 2', 3' phosphate and a free 5' 
hydroxyl group. In contrast hydrolysis of the circularisation site is specific 
and occurs via a transesterification reaction leaving a 5' phosphate on the 3' 
terminal nucleotide, normally G414. The specific interactions which activate 
this phosphodiester bond for hydrolysis by the ribozyme are unknown, 
however either Mg^+ binding (Zaug et al, 1985) an d /o r recognition of the 3' 
terminus of the intron by the P9.0 interaction and the guanosine binding site 
may initiate a conformational change and hence target it for cleavage.
In addition the circle C-399 can also be re-opened at the G414-A16 
phosphodiester bond by attack from the oligoribonucleotide CUCU (Sullivan
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& Cech, 1985). This oligonucleotide was shown to bind to the internal guide 
sequence at positions 25-28 (GGGA) (Been & Cech, 1987) and was able to 
inhibit hydrolysis of the circle by hydroxyl ions, suggesting that binding of 
this ion must be near to the circularisation junction. Oligoribonucleotides 
which can participate in circle re-opening have an anomalously large binding 
constant, which has been attributed to the two 3' nucleotides CU (Sugimoto et 
al., 1988). The 2' hydroxyl of the C binds to the RNA, while the 2' hydroxyl of 
the U is involved in the binding of Mg^+ (Sugimoto et a l, 1989). As in circle 
hydrolysis by hydroxyl ions, the binding of Mg^+ to the RNA is thought to 
create a conformational change in the RNA structure allowing cleavage, by 
the oligoribonucleotide, at a specific phosphodiester bond.
1.4.7. Other reactions o f the Tetrahymena intron.
After the intron has excised from its flanking exons it is able to undergo a 
series of intramolecular circularisation and hydrolysis reactions. The end 
product of this is a linear intron with 19 bases removed from its 5' terminus. 
This molecule is termed L-19 RNA and has an unoccupied IGS and is 
therefore capable of catalysing intermolecular reactions. The L-19 RNA is 
regenerated during these reactions and therefore acts as a true enzyme.
The L-19 RNA has a phosphotransferase activity (fig. 1.8.a) (Zaug & Cech, 
1986c) and is unique in its ability to remove only 3' phosphates from RNA 
with high specificity for the RNA sequence. In contrast, E. coli and 
mammalian alkaline phosphatases remove 2', 3' and 5' phosphates, with little 
regard for the base sequence of the molecule. The L-19 RNA also has acid 




Other Reactions of the Tetrahymena Ribozyme.
The L-19 RNA enzyme is shown with the oligonucleotide binding site 
(RRRRRR) bases 22-27 and the free 3' hydroxyl of G414. The core of the 
ribozyme is represented by a curved line.
(A). Nucleotidyltransferase activity. The L-19 RNA can remove or ligate 
nucleotides to a pentacytidylic acid (C5 ) substrate (the basis of the RNA 
polymerase activity C).
(B). Phosphotransferase and Acid Phosphatase activity. The L-19 RNA can act 
as a phosphotransferase, removing the phosphate from the substrate C5  to 
G414 in a reversible reaction. At acid pH the phosphate is transferred to 
water and the L-19 RNA acts as an acid phosphatase.
(C). RN A polymerase and Ribonuclease activity. The L-19 RNA catalyses the 
cleavage and ligation of oligonucleotide substrates. With pentacytidylic 
acid the successive cleavage and rejoining reactions lead to the synthesis 
of polycytidylic acid. (l).The L-19 RNA. (2). The substrate C5  binds to the 
oligopyrimidine binding site by Watson-Crick base pairing. (3). 
Nucleophilic attack by the 3' hydroxyl of G414 normally leads to the 
release of C4  and an intermediate with C attatched to the 3' end of G414. 
With longer chain lengths more than one nucleotide may be transferred to 
G414. (4). C5  can then bind to the intermediate in (3) and a 
transesterification reaction between the 3' hydroxyl of C5  and the 
phosphodiester bond 3' of G414 results in the release of C5  and the 
regeneration of the enzyme (1). An alternative pathway is shown as 1 2 3 1 
in which the ribozyme acts as a ribonuclease. The intermediate (3) 
undergoes hydrolysis, releasing the nucleotide or oligonucleotide 











The L-19 RNA can also act as a potential RNA polymerase by sequentially 
removing and adding cytosine residues to a pentacytidylic acid substrate 
bound to the IGS (fig. 1.8.c). The 3' terminal guanosine of the intron removes 
a cytosine residue from the 3' terminus of the substrate by transesterification. 
The modified substrate can then exchange for another and the cytosine 
residue added from the 3' terminus of the ribozyme to the 3' terminus of the 
substrate. In this way pentacytidylic acid (C5 ) can be converted to smaller 
substrates of C4  and C3  or to larger substrates up to C3 3 . Bases are removed 
from or added to the substrate in a sequence specific reaction, which requires 
the IGS as an internal template. This is unlike other RNA polymerases, which 
use an external DNA template.
Ribozymes, in which the 3' terminal guanosine has been inactivated by P 
elimination or removed are able to catalyse intermolecular cleavage reactions 
using free guanosine as the nucleophile. The L-19P RNA, with an inactive 3' 
terminus, has been shown to catalyse the cleavage of large RNA molecules 
(fig. 1.9.), acting as an RNA restriction endonuclease (Zaug et al., 1986). This 
activity has been taken advantage of to map RNA transcripts and is one of a 
few RNA restriction endonucleases available. The RNA substrate is cleaved 
by the ribozyme adjacent to a tetranucleotide sequence that is recognised by 
and binds to the IGS. The cleavage reaction resembles the first step of splicing 
with guanosine becoming covalently attached to 5' terminus of the 3' cleavage 
product. The substrate specificity can be altered in a sequence specific 
manner by mutagenesis of the IGS. However, the reaction has to be 
performed under moderately denaturing conditions (2.5 M urea) to obtain 
substrate specificity.
If the ribozyme is transcribed from DNA which has been linearised with Seal 
a shortened version of the Tetrahymena intron can be produced with 21 bases
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Figure 1.9.
The Tetrahymena Ribozyme as an RNA Restriction Endonuclease.
The L-19 RNA, after p elimination at its 3' terminus can also cleave large RNA 
molecules and oligonucleotides in a sequence specific reaction. After binding 
of the RNA to the oligopyrimidine tract (GGGAGG), the sequence is cleaved 
via nucleophilic attack by free guanosine. The guanosine molecule becomes 
covalently attached to the 5’ end of the 3’ cleavage fragment.
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removed from its 5' terminus and 5 bases removed from its 3' terminus. This 
is termed L-21 Seal RNA and can catalyse a reaction, between two 
dinucleotides, that mimics exon ligation (Kay & Inoue, 1987). The 
dinucleotide CU acts as the 5’ exon, binding to the IGS, while the 
phosphodiester bond of the dinucleotide GN (where N is A, U, C, or G) acts 
as the 3' splice site. The phosphodiester bond of the dinucleotide GN 
undergoes nucleophilic attack by the 3' hydroxyl group of CU resulting in the 
formation of the trinucleotide CUN. As well as the cleavage and ligation of 
RNA substrates, the L-21 Seal ribozyme has been shown to bind and cleave a 
single stranded DNA substrate (Hershlag & Cech, 1990a). The DNA binds 
weakly and slowly indicating the importance of the 2 ' hydroxyl groups in 
tertiary binding interactions with the ribozyme as well as the specific Watson- 
Crick base paired interactions with the IGS.
The Tetrahymena ribozyme can therefore be split into two separate units, the 
catalytically active core and the substrate. The substrate can be a double 
stranded RNA hairpin (Szostak, 1986), or either a single stranded RNA or 
single stranded DNA oligonucleotide which complements the IGS in an 
intermolecular reaction. The ribozyme is extremely versatile and can cleave 
large substrate RNAs or join two dinucleotides in an intermolecular version 
of exon ligation.
1.4.8. The Reaction Mechanism.
The transesterification reactions of the Tetrahymena intron were shown to take 
place through an SN2  in line mechanism (McSwiggen & Cech, 1989; 
Rajogopal et al., 1989) with an inversion of configuration around the 
phosphorus atom (fig. 1.10). The bond at the cleavage site was shown to be 





The model depicts the initial step of the splicing reaction involving 
nudeophilic attack on the U.A bond at the 5' splice site by the 3' hydroxyl 
of free guanosine. A: The 31 hydroxyl group of free guanosine acts as the 
nucleophile in an SN2  in line transesterification reaction with an inversion 
of configuration around the phosphorous. B: in the transition state the 
phosphorous has trigonal bipyramid geometry with incoming and leaving 
groups in the axial positions. C: A16 and the free guanosine are covalently 
joined by a phosphodiester bond and the 5' terminus of the intron is 
released. The general acid-base catalysis performed by BH and B- is 
hypothetical. The coordination of Mg^+ to the phosphate is also 
hypothetical but it may play a role in stabilising the trigonal bipyrimid 
transition state.

The ability of the L-21 Tetrahymena ribozyme to (i) cleave oligoribonucleotide 
substrates was enhanced by the addition of a mismatched nucleotide (ii) three 
nucleotides upstream from the cleavage site (Zaug et a l, 1988).
i) CUCUCU.A5  CUCUCU o h  + g a 5
ii) CUCGCU. A5  ^  CUCGCU OH + GA5
The enhanced rate of cleavage of the mismatched oligoribonucleotide was 
due to an increased rate of product (CUCGCU) release from the active site of 
the ribozyme and not an increase in the rate of the catalytic step. A kinetic 
study of this reaction elucidated the catalytic pathway (fig. 1 .1 1 ) and has, as a 
consequence, revealed how the ribozyme has adapted to perform efficient 
splicing (Hershlag & Cech, 1990b, 1990c).
In its biological role, the ribozyme ensures accurate exon ligation in two 
ways. Following the first transesterification reaction the 5' exon is prevented 
from dissociation by its strong binding to the IGS, and leads to an efficient 
ligation step. Mismatched RNA sequences would bind more weakly and help 
prevent incorrect exon ligation. Secondly, the free guanosine used in the first 
step of splicing rapidly dissociates from its binding site, this ensures its rapid 
replacement by G414 and enhances the rate of the second step of the splicing 
reaction.
1.4.9. M agnesium binding.
Metal ions are absolutely required for self splicing of both group I and group 
II introns. Mg^+ ions are particularly essential for activity since they are 
required for specific interactions between many nucleotides. The only ion that 
has been shown to substitute for Mg^+ in the Tetrahymena system to produce 
a catalytic activity ribozyme is Mn^+ (Grosshans & Cech, 1989).
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Figure 1.11.
The Kinetic Course of the Reaction.
A kinetics scheme for the cleavage of a matched oligonucleotide 
(CUCUCU.A5 ) and a mismatched oligonucleotide (CUCGCU.A5 ) by the 
ribozyme is shown. The ribozyme (E) contains two binding sites, one for the 
guanosine substrate (G) and another for RNA oligonucleotide substrates (S). 
Both substrates, G and S bind separately to the ribozyme. (1). The dissociation 
of guanosine from its binding site is fast, aiding the binding of G414 and 
hence the second step of the splicing reaction. (2) The mismatched substrate 
binds weakly to the ribozyme, while the matched substrate binds tightly. This 
difference results in the efficient release of the mismatched reaction product 
(P) and the slow release of the matched reaction product (P) (3).
Magnesium ions are also involved in the folding of the Tetrahymena intron's 
tertiary structure. A stable tertiary structure can be obtained using other 
divalent ions, such as Ca^+ and Sr^+, but not with the monovalent N a+ ion. 
Inactive m utant ribozymes, which have an altered tertiary structure, are 
stabilised and splicing activity is restored by high magnesium concentrations, 
this indicates the importance of Mg^+ ions in structural interactions.
Chemical cleavage of the ribozyme using Fe(II)-EDTA, at different stages in 
the formation of its tertiary structure, revealed that it is assembled through a 
specific folding intermediate with at least two domains. These domains 
displayed different metal ion dependencies. The catalytic core has been 
shown to bind three Mg^+ ions during the folding process, in addition to 
those already associated with the RNA (Celander & Cech, 1991).
Divalent ions are therefore important for the folding and structure of the 
ribozyme as well as the catalytic activity. This suggests the presence of two 
different types of Mg^+ binding sites within the RNA, some of which are 
structural and are involved in the folding of the core into an active form, 
while others are catalytic and are involved in the transesterification activity of 
the intron.
1.4.10. Specificity o f the Tetrahymena intron for guanosine.
The group I introns are dependant on guanosine for splicing. During cleavage 
of the 5' splice site, free guanosine is bound by the RNA at a specific site, 
resulting in 5' splice site cleavage (see Ch 6 ). It is subsequently displaced by 
the 3' terminal guanosine (G414) of the IVS (Michel et ah, 1989; Been & 
Perrotta, 1991) which is thought to activate the 3' splice site for efficient attack
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by the liberated 3' end of the 5' exon during the second step of splicing (Price 
& Cech, 1988).
The substitution of guanosine in the splicing reaction, by various analogues 
showed that the Tetrahymena intron is exceptionally specific for guanosine 
(Bass & Cech, 1984 see section 6.1). However, this specificity can be changed 
to ATP and UTP in mutants which have base substitutions at G264 and C311 
(Yarus et a l, 1991), which are thought to be part of the guanosine binding site 
(Michel et a l, 1989).
The Tetrahymena intron has also been shown to bind the amino acid L- 
arginine (Yarus, 1988, 1989) and the antibiotic streptomycin (Ahsen et a l, 
1990, 1991), both of which contain guanidino groups. Each of these 
competitively inhibit the first step of the splicing reaction and because of their 
structure are thought to bind at the guanosine binding site. A broad ranging 
group of aminoglycoside antibiotics, including neomycin, kanomycin and 
gentamycin, have been shown to prevent the second step of splicing by 
binding to the RNA at a site other than the guanosine binding site (Ahsen et 
a l, 1991). The ribozyme can therefore interact with not only RNA and DNA 
but it can bind an amino acid and some sugar derivatives.
1.5. The m ain objectives o f this project.
Initial studies of this project were of the alternative splicing pathways of 
ribozymes that had base substitutions within the IGS and 5' exon sequences. 
An interesting observation which arose from this work was the diversity of 
circle products formed by the mutant RNAs. To investigate the mechanisms 
involved in circle formation a method to accurately identify circularisation 
sites was developed. The method selectively amplified cDNA copies of RNA 
circles with junctions in both the 5' intron and the 5' exon sequences. The
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cDNA products were then cloned and sequenced in order to identify the 
exact sites of circle formation. The investigation was broadened to include a 
study of mutants with a range of base substitutions at the 3’ splice site and at 
the guanosine binding site. The effects of these mutations on the fidelity of 
circularisation site recognition was studied and the new circle products 
which were produced by these mutants were analysed to see if any conserved 
sequence elements were present which could be necessary for circularisation 
site recognition. The diversity of circularisation sites found in this work has 
lead to the proposal of a model in which several RNA substrate binding sites 
are present within the ribozyme, formed by different groups of tertiary 
interactions.
The Tetrahymena ribozyme is dependant on its ability to bind guanosine for 
self splicing to proceed. A guanosine binding site has been identified on the 
RNA that incorporates bases G264 and C311 (Michel et al., 1989). I have 
investigated the effects of all sixteen base combinations at these positions on 
RNA splicing by substituting guanosine with guanosine analogues in the 
splicing reaction. These results were then used to further characterise the 
guanosine binding site by molecular modelling techniques.
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2 . MATERIALS AND METHODS.
2 .1 . MATERIALS.
2.1.1 Enzymes.
Restriction enzymes, T4 DNA ligase and T4 polynucleotide kinase were from 
Northumbria Biochemicals ltd., Cramlington, UK.
AMV reverse transcriptase was from Boehringer Mannheim, Lewes, East 
Sussex, UK.
Taq polymerase (Amplitaq) was from Perkin Elmer Cetus, Vaterstetten, 
Germany.
RNase inhibitor was from Pharmacia, Uppsala, Sweden.
Replinase and SP6  polymerase were from DuPont (NEN), Stevenage, UK. 
Sequenase kits were obtained from United States Biochemical Corporation, 
Ohio, USA.
cDNA synthesis kits were from Amersham International, Bucks., UK.
2.1.2 Chemical Reagents.
Qiagen tip-20 columns were from Hybaid Ltd, Twickenham, UK.
Hybond-N was from Amersham International Ltd., Bucks., UK.
NENsorb columns were from DuPont (NEN), Stevenage, UK.
Deoxy- and dideoxy-nucleotide triphosphates and sepharose CL6 B were from 
Pharmacia, Uppsala, Sweden.
Nucleotide triphosphates were from Boehringer Mannheim, Lewes, Sussex, 
UK.
Dichloromethylsilane solution and N, N, N', N'- tetramethylethylene diamine 
(TEMED), were from BDH, Poole, UK.
Redistilled phenol was from Rathburn Chemicals ltd., Walkerburn, UK. 
Tryptone, yeast extract and agar were from Difco, Michigan, USA.
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X-Ray film was from Fuji Photo Film Co. ltd., Japan.
Acrylamide Sequagel kits were from National Diagnostics, New Jersey, USA. 
Pollyallomer quick seal centrifuge tubes were from Beckman instruments 
Inc., Palo Alto, USA.
5-bromo-4-chloro-3-indolyl-P-D-galactoside (X-gal) and isopropyl-p-D 
thiogalactoside (IPTG) were from Northumbria Biochemicals Ltd, 
Cramlington, UK.
Agarose and ampicillin were from Sigma, Poole, UK.
All other chemicals were from BDH, Poole, UK, Sigma, Poole, UK and Fisons, 
Loughborough, UK.
Laboratory grade solvents were from BDH and Fisons.
2.2. METHODS.
2.2.1. Phenol / Chloroform extraction o f DNA or RN A.
An equal volume of equilibrated phenol pH 8.0 was added to the nucleic acid 
solution, vortexed for 1 min then the two layers were separated by 
centrifugation (5 000 g, 5 min). The top aqueous layer was removed into a 
fresh tube and an equal volume of chloroform added. The mixture was 
vortexed for 1 min then centrifuged as before. The top aqueous layer was 
removed to a fresh tube and the nucleic acid precipitated using absolute 
ethanol.
2.2.2. D NA Precipitation using Ethanol.
Sodium acetate (0.1 volumes of 3 M, pH 5.5) and 2.5 volumes of absolute 
ethanol (-20°C) were added to the DNA solution, mixed thoroughly, 
incubated on ice for 30 min then centrifuged (22 000 g, 30 min) to collect the 
DNA. The DNA pellet was then washed in 70% ethanol, dried under vacuum 
in a Savant speed vac and resuspended in water.
2.2.3. RN A  Precipitation using Ethanol.
Absolute ethanol (2 volumes) was added to the RNA solution at room 
temperature, mixed gently and the RNA pelleted by centrifugation (2 min, 12 
000 g). The RNA pellet was then washed with 70 % ethanol, dried under 
vacuum and resuspended in water.
2.2.4. Silicon Treatment o f Glass Plates and Microfuge Tubes.
One side of a glass plate or the inside of a microfuge tube was covered with a 
thin layer of dichloromethylsilane solution for 2 min. The plate or eppendorf
19
was washed in water then in 95 % ethanol. Glass plates for polyacrylamide 
gel electrophoresis were polished with 95 % ethanol before use.
2.2.5. Agarose Gel Electrophoresis.
DNA was electrophoresed in 1 % agarose gels with l.Ox Tris-borate buffer (90 
mM Tris, 83 mM boric acid, 1 mM disodium EDTA pH 8.3) with 1 pg /m l 
ethidium bromide. Samples were loaded in 15 % w /v  Ficoll 400, 0.25 % w /v  
bromophenol blue, 0.25 % w /v  xylene cyanol and electrophoresed at 50 
V /cm  (50 mA).
2.2.6. Acrylam ide Gel Electrophoresis
Denaturing polyacrylamide gels were made using Sequagel polyacrylamide 
solutions and electrophoresed in l.Ox Tris-borate buffer (see 2.2.5). The 
polyacrylamide was polymerised with ammonium persulphate as the 
initiator and N, N, N', N'-tetramethylenediamine (TEMED) as the catalyst. 
Samples were denatured for 5 min at 75°C in an equal volume of formamide 
stop solution (95% w /v  de-ionised formamide, 0.02% w /v  bromophenol 
blue, 0 .0 2 % w /v  xylene cyanol) before electrophoresis.
2.2.7. Preparation o f Polyacrylamide Gels.
Sequencing gels were prepared on 18 X 45 cm glass plates using 0.35 mm 
spacers and sequencing combs. The gels were electrophoresed at 1500 V (30 
mA). After electrophoresis one of the gel plates was removed and the gel 
soaked in fix solution (5% methanol, 5% acetic acid) for 15 min. This cross 
links the gel and removes the urea. The gel was then transfered to a sheet of 
W hatman 3MM paper and dried, under vacuum, on a gel drier at 80°C. The 
dried gel was exposed to X-ray film overnight and developed using an 
automated Amersham hyperprocessor.
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Denaturing 20 % polyacrylamide gels, used to separate deoxyribonucleotide 
primers (section 2.2.25.), were prepared on 18 X 18 cm glass plates using 2 
mm spacers and electrophoresed at 900 V/cm (20 mA).
2.2.8. Recovery o f D N A using the Freeze Squeeze technique.
The agarose gel slice, containing the DNA, was equilibrated in 0.4 ml buffer 
(0.3 M sodium acetate, 1 mM EDTA pH 8.0 ) for 30 min. The slice was placed 
in a 0.5 ml microfuge tube (with a hole in the base) on a thin layer of 
siliconised glass wool. The gel slice and tube were incubated in liquid 
nitrogen for 2 min, placed in a 1.5 ml microfuge tube then centrifuged (12 000 
g, 15 min) to collect the DNA solution. The DNA was further purified using a 
Nensorb cartridge (see 2.2.9) or by precipitation using ethanol (see 2 .2 .2 ).
2.2.9. Nensorb Nucleic Acid  Purification Cartridges.
The cartridge was pre-wetted with 2 ml of methanol then equilibrated in 2 ml 
of fresh Buffer A (100 mM Tris-HCl pH 8.0, 1 mM EDTA, 10 mM 
triethylamine). The nucleic acid solution was mixed with an equal volume of 
Buffer A and the mixture was then loaded onto the column (for samples over 
0.4 ml, triethylamine was added to a final concentration of 10 mM). The 
column was washed with 1 ml of Buffer A followed by 1 ml H 2 O and the 
nucleic acid eluted with 0.4 ml of 50 % methanol. The nucleic acid was dried 
in a siliconised microfuge tube and resuspended in an appropriate volume of 
TE buffer (10 mM Tris-HCl pH 8.0, O.OlmM EDTA).
2.2.10. B lun t End Ligation.
The insert and vector (molar ratio 3:1) were incubated in 25 mM Tris-HCl (pH
7.5), 5 mM M gC^, 0.5 mM DTT and 4 mM ATP with 1U of T4 DNA ligase 
overnight at 15°C.
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2.2.11. S ticky  end ligation.
The insert and vector (molar ratio 1:2) were incubated in 25 mM Tris-HCl (pH
7.5), 10 mM MgCl2, 10 mM DTT and 4 mM ATP with 0.1U of T4 DNA ligase 
for 4 hours at room temperature or overnight at 15°C
2.2.12. TGI Cultures.
The E. coli strain TG1:( supE hsd A5 thi A (lac - proAB) F' [ tm D36 proAB+ 
laclq lacZ AM15]) was used throughout.
E. coli cultures were grown in LB broth (10 g yeast tryptone, 5 g yeast extract 
and 1 0  g sodium chloride per litre ) and cultured every month on mimimal 
agar plates (15 g bacto agar, 10.5 g K2 HPO4 , 4.5 g KH2 PO4 , 1.0 g (N H ^ S C ^ , 
0.5 g sodium citrate, 0 . 2  g MgSC>4 .7 H 2 C), 2.0 g glucose and 5 pg thiamine HC1) 
from a stationary phase stock culture stored at -20°C in 25% glycerol.
2.2.13. Competent Cells
An overnight culture of TGI cells (0.5 ml) was inoculated into 50 ml of LB 
broth and grown with shaking at 37°C for 75 min until the cells were 
growing in log phase. The cells were cooled on ice and pelleted by 
centrifugation at 4°C in a pre-cooled rotor (5 000 g, 10 min). The cells were 
then resuspended in 25 ml ice cold 50 mM CaCl2  and incubated on ice for 30 
min. The cells were pelleted by centrifugation as before, resuspended in 3 ml 
of 50 mM CaCl2  and stored on ice for 60 min before use.
2.2.14. Transformation Reactions.
The ligation reaction was mixed with 0.3 ml of competent TGI cells in a 
chilled microfuge tube and incubated on ice for 30 min. The reaction mix was 
then incubated at 42°C for 2  min and then immediately chilled on ice. LB 
broth ( 1  ml) was added to the reaction and the mixture incubated at 37°C for
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30 min. Aliquots of the transformed cells (200 pi) were plated onto 9cm 
diameter LB agar plates (1.5% agar, containing 100 pg /m l ampicillin). For 
colour selection, 50 pi of 2 % X-Gal (5-bromo-4-chloro-3-indolyl-P-D- 
galactoside) and 10 pi of 0.1 M IPTG (isopropyl-p-D- thiogalactoside) were 
added to the cells before plating. The agar plates were then incubated 
overnight at 37°C.
2.2.15. Sm all Scale Plasm id DNA Preparation.
A  single colony was transfered into 5 ml of LB broth containing 100 pg /m l 
ampicillin, and grown overnight at 37°C with shaking. The cells were 
pelleted by centrifugation (5 000 g, 5 min), resuspended in 100 pi TGE buffer 
(25 mM Tris-HCl pH 8.0, 50 mM glucose, 10 mM EDTA ) and incubated at 
room temperature for 5 min. Alkaline SDS (200 pi of 1 % w /v  SDS, 200 mM 
NaOH) was added and the mixture incubated on ice for 5 min. Potassium 
acetate (150 pi of 5 M pH 4.8; 3 M potassium, 5 M acetate) was added with 
gentle mixing and the mixture centrifuged ( 1 2  000 g for 15 min). The 
supernatant was extracted with phenol then chloroform followed by 
precipitation with ethanol. The DNA was pelleted by centrifugation (1 min, 
12 000 g), washed in 70 % ethanol, dried and resuspended in 20 pi water.
2.2.16. Sm all Scale Plasm id Preparation For Sequencing.
An overnight culture (3 ml) was pelleted by centrifugation (5 min, 5 000 g) 
and the cells were resuspended in 0.3 ml buffer PI (50 mM Tris-HCl pH  8.0, 
10 mM EDTA, 400 pg RNase A /m l ). Buffer P2 (0.3 ml of 0.2 M NaOH, 1 % 
SDS) was added arid the mixture incubated at room tem perature for 5 min. 
Buffer P3 (0.3 ml of 2.55 M potassium acetate pH 4.8) was added with gentle 
mixing and the mixture centrifuged at 4°C, (15 min, 12 000 g). A Qiagen tip 
20 column was equilibrated with 1 ml buffer QTB (750 mM NaCl, 50 mM 
MOPS pH  7.0,15 % ethanol, 0.1 % w /v  Triton-XlOO) and allowed to empty by
23
gravity flow. The supernatant was applied to the column and allowed to 
enter the resin which was then washed with 2  ml buffer QC (1 M NaCl, 50 
mM MOPS pH 7.0, 15 % ethanol). The DNA was eluted in 0.8 ml buffer QF 
(1.5 M NaCl, 50 mM MOPS pH 8.0, 15 % ethanol), precipitated with 0.5 
volumes of isopropanol and centrifuged at room temperature ( 30 min, 12 000 
g). The pellet was washed in 70 % ethanol, air dried and resuspended in 20 pi 
TE buffer (lOmM Tris-HCl pH 8.0, 0.01 mM EDTA).
2.2.17. Large Scale Plasm id DNA Preparation.
An overnight culture of TGI containing the plasmid (5 ml) was inoculated 
into 500 ml of LB containing 100 pg/m l ampicillin and the cells were grown 
for 16 hours at 37°C with shaking. The cells were pelleted by centrifugation (5 
000 g, 10 min) at 4°C, resuspended in 8  ml TGE (see 2.2.16) and incubated at 
room temperature for 15 min. Alkaline SDS (16 ml of 1 % w /v  SDS, 200 mM 
NaOH) was added with gentle mixing and incubated on ice for 10 min. 
Potassium acetate (12 ml, 5 M pH 4.8; 3M potassium, 5M acetate) was added, 
mixed by sharp inversions of the tube and incubated on ice for 10 min. The 
cell debris was pelleted by centrifugation (15 000 g, 40 min) at 4°C. The 
plasmid DNA in the supernatant was precipitated by incubation with 0.6 
volumes of isopropanol for 15 min at room temperature and collected by 
centrifugation (22 000 g, 30 min). The pellet was washed in 70 % ethanol, 
dried and resuspended in 9.5 ml H 2 O. CsCl (1 g /m l of solution) and 0.3 ml of 
1 0  m g/m l ethidium bromide were added and the resulting solution sealed 
into a quick seal centrifuge tube, centrifuged in a Ti70 rotor at 180 000 g for 
18-20 hours or in a Ti60 rotor at 140 000 g for 48 hours at 15°C using a 
Beckmann ultracentrifuge (model L5-65).
The lower band, containing supercoiled plasmid, was removed from the 
sealed tube using a 19G needle and syringe. The plasmid DNA was extracted
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with an equal volume of CsCl saturated isoamyl alcohol, this was repeated 
until all the ethidium bromide was removed. An equal volume of water was 
added and the DNA was precipitated using room temperature absolute 
ethanol and centrifuged (30 min, 22 000 g). The pellet was dried and 
resuspended in 1 ml of water, and its absorbance at 260 nm and 280 nm  was 
measured to estimate the amount and purity of the DNA collected. The DNA 
was then stored at -20°C.
2.2.18. G-25 Spun Column.
Siliconised glass wool was placed in the bottom of a 1  ml plastic syringe and 1 
ml of G-25 resin (equilibrated with TE buffer; 100 mM Tris-HCl pH 8.0,1 mM 
EDTA) was added. The syringe was centrifuged (3 000 g, 4 min) in a swinging 
bucket bench top centrifuge, this process was repeated until the column 
matrix was dry. The column was equilibrated with TE buffer by adding 80 |il 
of buffer and centrifuged as before; this process was repeated. The sample (80 
pi) was was loaded onto the column and the DNA collected by centrifugation 
(3 000 g for 4 min).
2.2.19. CL6B Spun Column.
A hole was pierced in the base of a 0.5 ml microfuge tube and covered with a 
4 mm layer of glass beads (0.5 mm diameter). CL6 B resin (0.5 ml equilibrated 
in TE buffer as in 2.1.18) was added and the tube was placed inside a 1.5 ml 
microfuge tube and centrifuged (3 000 g, 4 min) in a swinging bucket bench 
top centrifuge. Centrifugation was repeated until the resin was dry. The 
column was equilibrated with one sample volume of TE buffer and 
centrifuged as before; this process was repeated. The sample (20-200 pi) was 
loaded onto the column which was then centrifuged as before. The DNA was 
collected in a clean 1.5 ml microfuge tube.
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22.20. Double Stranded DNA Sequencing.
i Annealing.
Denaturing solution (5 pi of 1 M NaOH, 1 mM EDTA) was added to 20 pi (20 
fig) of double stranded plasmid DNA and incubated at room temperature for 
5 min. The DNA was centrifuged through a CL6 B spun column (section 
2.1.19). A 7 pi aliquot containing 3 pg of the denatured DNA was annealed 
with 1  pmol oligodeoxyribonucleotide primer in sequenase reaction buffer 
(40 mM Tris-HCL pH  7.5, 25 mM M gC^, 50 mM N aC ^) at 65°C for 2 min. 
The reaction mix was allowed to cool from 65°C to 35°C over 30 min in a 
beaker of water. The annealed template was placed on ice and used within 4 
hours
ii Labelling reaction
The sequenase labelling mix (7.5 pM each dGTP, dCTP, dTTP) was diluted 
1:5 with distilled water and the sequenase enzyme was diluted 1:8 with 
enzyme dilution buffer (10 mM Tris-HCl pH 7.5, 5 mM DTT, 0.5 m g/m l 
BSA). The diluted labelling mix (2 pi) was added to 1 pi 0.1 M DTT, 0.5 pi [a- 
3 5 S] dATP (NEN specific activity 1302 Ci/mMol) and the annealed template 
DNA then the mixture was incubated for 2 min at room temperature.
iii Termination.
The termination mixes (2.5 pi) ddATP (80 pM each dATP, dCTP, dGTP, 
dTTP, 8  pM ddATP, 50 mM NaCl), ddTTP (80 pM each dATP, dCTP, dGTP, 
dTTP, 8  pM ddTTP, 50 mM NaCl), ddCTP (80 pM each dATP, dCTP, dGTP, 
dTTP, 8  pM ddCTP, 50 mM NaCl) and ddGTP (80 pM each dATP, dCTP, 
dGTP, dTTP, 8  pM ddGTP, 50 mM NaCl) were pipetted into tubes labelled 
A,T,C and G respectively. The labelling reaction mix was aliquoted (3.5 pi) 
into each of the four termination mixes and the tubes incubated at 37°C for 5 
min. The stop solution (4 pi of 95 % formamide, 20 mM EDTA, 0.05 %
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bromophenol blue, 0.05 % xylene cyanol) was added to each tube and mixed 
throughly. Before electrophoresis, the samples were denatured for 2 min at 
80°C and loaded onto an 8  % denaturing polyacrylamide gel. Samples can be 
stored at -20°C for 1  week prior to electrophoresis.
22.21, y-32p end labelling of Oligodeoxyribonucleotides.
One pmol of the deoxyoligonucleotide primer was added for every 5 pCi (1 
pmol) of [y-^P] ATP (ICN specific activity 3000 C i/m M ol). The reaction was 
incubated in 100 mM Tris-HCl pH  8.0, 20 mM M gC^, 10 mM DTT, 4 mM 
spermidine with 5U T4 polynucleotide kinase at 37°C for 30 min.
Southern blots and colony hybridisations were probed with [y-^P] ATP end 
labelled oligodeoxyribonucleotide primer from a 50 |iCi reaction. 
Oligodeoxyribonucleotide synthesis reactions (see 2.2.24) were end labelled 
w ith 1 pCi [y-32p] ATP, electrophoresed on a denaturing 20 % 
polyacrylamide gel and the autoradiograph used to check the size and quality 
of the oligodeoxyribonucleotide produced.
2.2.22. Southern Blot Analysis.
After electrophoresis, the agarose gel was placed in a dish and covered in 
denaturing solution (1.5 M NaCl, 0.5 M NaOH) for 30 min with shaking at 
room temperature. The gel was rinsed in distilled water and then covered 
w ith neutralising solution (1.5 M NaCl, 0.5 M Tris-HCl pH  7.2, 1 mM EDTA) 
for 15 min, this was repeated for a further 15 min with fresh neutralising 
solution.
A glass tray was filled with 20x SSC buffer (3 M NaCl, 0.3 M sodium citrate) 
and a glass sheet placed across the middle of the dish to form a platform. A
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wick made from three sheets of 3MM filter paper soaked in 20x SSC buffer 
was placed on the platform with the gel on top. The gel was surrounded with 
saranwrap and covered with a piece of pre-wet Hybond-N membrane and 
three sheets of 3MM filter paper, cut to the size of the gel were placed on top. 
A 5 cm high stack of paper towels was placed on top followed by a glass plate 
and a 1 kg weight. The DNA was transfered to the membrane overnight. The 
membrane was then removed from the blotting apparatus, washed briefly in 
2 x SSC and air dried at 37°C. The membrane was then baked for 2  hours at 
80°C to fix the DNA before hybridisation.
22.23. Colony Blot.
Single colonies were spotted onto Hybond-N membrane circles and 
incubated overnight at 37°C on LB agar plates containing 100 pg /m l 
ampicillin. The membranes were placed colony side up on a pad of W hatman 
3MM filter paper soaked in denaturing solution (1.5 M NaCl, 0.5 M NaOH) 
for 7 min. The membranes were then transfered to another pad soaked in 
neutralising solution (1.5 M NaCl, 0.5 M Tris-HCl pH  7.2,1 mM EDTA) for 3 
min. This was repeated with a fresh pad of neutralising solution. The 
membranes were washed in 2x SSC, transfered to a sheet of dry filter paper, 
air dried then baked for 2 hours at 80°C to fix the DNA.
2.1.24. Hybridisation of Hybond-N Membranes.
Sonicated salmon sperm DNA was denatured in boiling water for 5 min and 
then immediately chilled on ice. Prehybridisation solution was prepared by 
adding the denatured salmon sperm ( 1 0 0  |ig /m l final concentration) to a 
solution of 5X SSPE (stock 20X SSPE: 3.6 M NaCl, 0.2 M sodium phosphate, 
0.02 M EDTA pH  7.7), 5X Denhardt's solution (stock 100X: 2% w /v  BSA, 2% 
w /v  Ficoll and 2% w /v  PVP), 0.5 % w /v  SDS. The filters were incubated 
overnight at 37°C with shaking in a hybridisation box with 25 ml of
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prehybridisation solution. The oligodeoxyribonucleotide probe was then 
mixed with the prehybridisation solution and hybridised overnight under the 
same conditions. The filters were washed at room temperature for 20 min in 
2x SSPE with 0.1 % w /v  SDS, wrapped in Saranwrap and exposed to X-ray 
film.
22.25, Oligodeoxyribonucleotide synthesis.
Oligodeoxyribonucleotides were synthesised on an Applied Biosystems 381A 
DNA synthesiser with phosphoamidites, columns and other chemicals 
supplied by Cruachem, U.K.
After synthesis, a syringe containing 1 ml of concentrated ammonia solution 
was attached to one end of the column and an empty syringe to the other. The 
ammonia was passed through the column in four 0.25 ml aliquots, allowing 
each aliquot to cleave the oligonucleotide from the column for 20 min. The 
oligonucleotide/ammonia solution was placed in a screw topped 1.5 ml 
microfuge tube and incubated at 55°C for 6-16 hours. The solution was 
allowed to cool to room temperature, split into two microfuge tubes and 
dried under vacuum.
The residue was resuspended in 1 ml of TE buffer (1 mM Tris-HCl pH  8.0, 
0.01 mM EDTA) and precipitated overnight using ethanol at -20°C in a 
siliconised 15 ml glass centrifuge tube (Corex). The oligodeoxyribonucleotide 
was pelleted by centrifugation (12 000 g for 30 min), washed in 70 % ethanol 
and dried.
The pellet was resuspended in 0.5 ml of TE buffer, 0.5 ml of formamide 
loading dye were added and the sample electrophoresed on a 20 % 
denaturing polyacrylamide gel (see 2.2.7). The oligodeoxyribonucleotide was
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identified by UV shadowing, cut out with a razor blade, and eluted in 0.3M 
sodium acetate, ImM EDTA overnight. The oligodeoxyribonucleotide was 
then precipitated with ethanol, washed in 70 % ethanol, then dried and 
resuspended in TE buffer. The oligodeoxyribonucleotide was stored at -20°C.
2.2.26. Mutagenesis,
Base substitutions to the Tetrahymena intron and flanking sequences were 
made by means of the polymerase chain reaction (PCR), using pairs of 
mismatched oligodeoxyribonucleotide primers that overlapped unique 
restriction sites in the wild type construct (Scharf et ah, 1986). The reaction 
mixture contained 1 pg template DNA, 0.2 |iM of each 
oligodeoxyribonucleotide primer, 1.5 mM M gC^, 50 mM KC1, 10 mM Tris- 
HCl pH  8.3, 50 \xM of dATP, dCTP, dGTP and dTTP and 0.5U Taq 
polymerase (Amplitaq). The reaction mix (100 |il) was overlaid with mineral 
oil and amplified for 25 cycles ( 75 s melting at 95°C, 60 s annealing at 55°C 
and 60 s extension at 72°C) in a DNA thermal cycler (Perkin Elmer Cetus) 
unless otherwise stated.
2.2.27. Preparation o f substituted Intron sequences before Ligation,
EDTA was added to the 100 (il reaction to a final concentration of 20 mM, to 
deactivate the enzyme, and the mixture was spun through a G-25 column (see
2.2.18). The appropriate restriction buffer (see appendix V) was added to a 
final concentration of lx  and the mixture incubated overnight at 37°C with 
5U each of either Hindlll and EcoRI, HindHI and Bglll or EcoRI and Nhel 
restriction endonucleases.
The digested PCR product was electrophoresed on a 1% agarose gel, cut out, 
freeze squeezed (section 2.2.8) and cleaned on a Nensorb column (section 
2.2.9) before ligation into the appropriate vector (see 2.2.28).
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2.2.28. Preparation o f Vectors for Cloning of Substituted Intron Segments. 
pSP65.LSU (10 jig) was digested overnight at 37°C with the appropriate 
restriction enzymes and buffers (see 2.2.27). The reaction was stopped by the 
addition of EDTA to a final concentration of 20 mM. The digested vector was 
electrophoresed on a 1% agarose gel, cut out, freeze squeezed (section 2.2.8 ) 
and cleaned on a Nensorb column (section 2.2.9 ) before ligation.
2.2.29. The Cloning and Sequencing o f RNA circle derived PCR Products.
The 100 pi sample from the PCR was spun through a G-25 column (section
2.2.18). The amplified PCR products were incubated at 22°C for 30 min with 
5U of Klenow, 0.2 mM dATP, dCTP, dGTP and dTTP in 50 mM Tris-HCl (pH 
7.5), 10 mM M gC^, 10 mM DTT and 500 fig/m l BSA to ensure blunt ends. 
The reaction was heated to 70°C for 5 min to inactivate the enzyme and then 
spun through a G-25 column.
When using mismatched oligodeoxyribonucleotide primers, the reaction 
products were then digested with 5U of Hindlll and EcoRI restriction 
endonucleases overnight at 37°C in Hindlll and EcoRI restriction buffer 
(appendix V).
The digested PCR products were ligated into Smal or Hindlll/EcoRI cut 
pUC18 as appropriate and transformed into TGI competent cells and the 
recombinants screened using colony hybridisation with a 
oligodeoxyribonucleotide primer complementary to the 3' end of the intron 
[5-AGi 11 lGGAGTACTC-3'] to identify circle product clones. Plasmid DNA 
from the positive colonies was prepared using a Qiagen-tip 20 (see 2.2.16) and 
identified by sequence analysis with Sequenase version 2.0 (see 2.2.20) 
followed by electrophoresis on denaturing 8% polyacrylamide gels.
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2.2.30. RNase Free Solutions.
All glassware was baked for 3 hours at 180°C. RNase free solutions were 
prepared with autoclaved Milli Q water and re-autoclaved for 70 min. 
Solutions containing (N H ^ S C ^  were prepared in RNase free water and 
filter sterilised (0.22 pm pore size).
2.2.31. RNA Transcription.
Plasmid (pSP65) constructs were linearised with PvuII, extracted with phenol 
then chloroform and precipitated using ethanol. All transcription reactions 
(20 pi volume) contained 2 pg DNA template in 40 mM Tris-HCl (pH 7.5), 6 
mM M gC^, 2 mM spermidine, 10 mM DTT, 100 p g / ml bovine serum 
albumin, 6U SP6 RNA polymerase, 40U RNase inhibitor, and 400 pM of each 
nucleoside triphosphate. For uniformly labelled RNA, 20 pM GTP and 25 pCi 
of [oc-32p] GTP (specific activity 800 Ci/mmol, New England Nuclear Corp.) 
was added to the transcription reaction. All transcriptions were incubated at 
37°C for 1 hour. RNA was extracted with phenol, then chloroform and 
precipitated using ethanol. RNA transcription products were separated by 
electrophoresis on denaturing 6 % polyacrylamide gels.
22.32. Purification o f RNA front polyacrylamide.
The precursor, linear IVS and circle bands were located by autoradiography, 
cut out using a razor blade and eluted in 0.3 M sodium acetate, 10 mM EDTA 
at 4°C overnight. The RNA, in the supernatant was precipitated twice using 
ethanol to remove contaminating urea and salts.
2.2.33. cDNA Synthesis
Gel extracted RNA circles were further purified using a Nensorb cartridge 
(see 2.2.9 ) before cDNA synthesis. For total transcription RNA (not gel
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purified), template DNA was removed by incubation at 25°C for 30 minutes 
with 23U of RNase-free DNase I, extracted with phenol then chloroform and 
precipitated using ethanol prior to cDNA synthesis.
Purified RNA circles (total transcription or extracted from gels) were 
resuspended in 100 mM Tris-HCl (pH 7.5), 50 mM MgCl2  w ith 2 pM 
oligodeoxyribonucleotide primer (5'-CCAGGTGCATGCCTG-3'), precipitated 
with ethanol and dried. The RNA and annealed oligonucleotide were 
resuspended in 50 mM Tris-HCl (pH 8.0), 50 mM KC1, 6 mM M gC ^, 10 mM 
DTT, with 25U of AMV reverse transcriptase and 40U RNase inhibitor. The 
reaction mix (16 pi) was incubated at 42°C for 2 hours. RNase A (20U) was 
added to the reaction and the mixture incubated at 65°C for 20 minutes to 
remove the RNA, extracted with phenol, then chloroform and precipitated 
using ethanol.
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3. WILD TYPE CIRCULARISATION.
3.1. Introduction.
3.1.1. Circle Formation.
The excised IVS can form a circular molecule in the presence of magnesium 
ions in a protein independent reaction (Grabowski et al, 1981; Kruger et al., 
1982; Zaug & Cech, 1982). These conditions are similar to those required for 
the splicing reaction with the exception that free guanosine is not necessary 
for circularisation to proceed. The major circularisation reaction proceeds via 
nucleophilic attack, at the phosphodiester bond between bases 15 and 16 of 
the intron, by the free hydroxyl of the 3' terminal guanosine. This 
transesterification reaction (similar to the first step of splicing ) results in the 
release of a 15-mer (containing the first 15 nucleotides of the IVS including 
the uncoded guanosine residue added during the splicing reaction) and in 
which G414 becomes ligated to A16 via a 3-5' phosphodiester linkage 
forming the circle C-399 (Zaug et a l, 1983) (fig. 3.1). A second site of circle 
formation at the phosphodiester bond between bases 19 and 20 of the intron 
also exists and produces the circle C-395 (Zaug et al, 1985). Circle formation 
at this site results in the release of a 19-mer from the 5' end of the intron by 
the same mechanism as C-399 formation.
Another minor circle product, C-413, is produced from precursor RNA 
molecules which have undergone 3' splice site hydrolysis (5EI) followed by 
circle formation at the 5' splice site, releasing the 5' exon. C-413 can also arise 
by circularisation of the excised IVS, via the G exchange mechanism, resulting 




(1). The 5' terminus of the IVS forms a hairpin structure containing the 
circularisation site. The phosphodiester bond at the circularisation site then 
undergoes nucleophilic attack by the free hydroxyl group of the 3' terminal 
guanosine. This releases an oligonucleotide containing nucleotides from the 5' 
end of the intron (15 nucleotides for C-399 formation) and forms a circular 
molecule containing the remaining bases of the intron. (2). The circle can be 
reopened by site specific hydrolysis at the phosphodiester bond created 
during its formation, producing a linear molecule. This is capable of 
circularisation at other sites following hydrolysis of C-413 and C-399.
3.1.2. Site Specif ic Hydrolysis,
Circles are susceptible to site specific hydrolysis of the phosphodiester bond 
formed during circularisation (Zaug et al., 1984, 1985) and the resulting linear 
RNA molecules are capable of re-circularising at other sites (fig. 3.2). C-395 is 
also formed via site specific hydrolysis and recircularisation of C-399 with the 
release of a 4-mer, whereas C-413 can undergo site specific hydrolysis and 
recircularisation to form either C-399 or C-395. The final product of these 
reactions is a linear molecule (L-19 RNA) which cannot recircularise but is 
capable of catalysing other intermolecular reactions (see main introduction 
section 1.4.7.).
3.1.3. Recognition o f the Circularisation Sites.
Circularisation occurs at base paired stem structures formed between the 5' 
end of the RNA and the IGS (fig. 3.3) (Been & Cech, 1987). The intron core 
recognises these structures, promoting attack by the 3' terminal guanosine in 
a phosphodiester transfer reaction. However the region of the RNA that 
binds and recognises these base paired stems, and the mechanism by which 
intermolecular RNA interactions occur have not been established. The three 
wild type circularisation sites are situated downstream from a tripyrimidine 
tract UCU (C-413), UUU (C-399) and CCU (C-395). The importance of the 
sequence around the circularisation sites was shown in the experiments of 
Been and Cech (1985), they were able to abolish C-399 formation by 
substituting bases on either side of the phosphodiester bond used in its 
formation. Circularisation occured at other specific sites within the intron; the 
major sites were downstream from a tripyrimidine tract, whereas other minor 
sites were less sequence specific. An alternative route to C-413 is via "G 
exchange" in which the excised IVS circularises with the release of guanosine. 
In this case G is the only base upstream of the circularisation site, therefore a
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Figure 3.2.
Circularisation and Site Specific Hydrolysis.
The excised Tetrahymena intron can circularise to produce three different 
circle products (C-413, C-399 and C-395). Site specific hydrolysis at the 
circularisation site forms a linear molecule, which in the case of C-413 and 
C-399 are able to re-circularise and then undergo a second round of site 
specific hydrolysis. The final product of these reactions is the linear 
molecule L-19 RNA which can not undergo any further intramolecular 
reactions. However, L-19 RNA is capable of catalysing other 
intermolecular reactions (see section 1.4.7).
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Hairpin Loop Structures .
The circularisation reactions of the ribozyme occur at base paired stems 
formed by the IGS and the bases surrounding the circularisation site. (A) 
Two base paired interactions for the formation of C-399 are possible. (B) 
Alignment during C-395 formation. (C) C-413 formation involves the PI 
base paired interaction used during 5' splice site cleavage. The intron 
sequences are shown in upper case lettering and the exon sequences in 
lower case.
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formed by the IGS and the bases surrounding the circularisation site. (A) 
Two base paired interactions for the formation of C-399 are possible. (B) 
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tripymidine tract is not recognised during C-413 formation by this 
mechanism.
The predominant feature of the Tetrahymena circularisation reactions is the 
formation of a Watson-Crick base paired structure. However the 2' hydroxyl 
groups of the RNA may also be involved in the recognition of these base 
paired structures. Several examples of interactions in the Tetrahymena 
ribozyme involving the 2 ' hydroxyl group of ribonucleotides in recognition 
have been found. The circle re-opening reactions described by Sugimoto and 
coworkers (1989) showed the 2 ' hydroxyl of the C in the dinucleotide CU was 
involved in binding to the RNA. Also, the experiments of Pyle and Cech 
(1991) showed an interaction between the 2' hydroxyl groups of bases C_2 
and U_3 of the 5' exon (part of the PI substrate) and the RNA; the 2' hydroxyl 
of the guanosine substrate is absolutely required for splicing (Bass & Cech, 
1984).
Based on sequence and structural analysis of the ribozyme a three 
dimensional model has been constructed which predicts seven tertiary 
interactions between the PI substrate and the ribozyme core ( Michel & 
Westhof, 1990). Bases A2, U21 and G22 interact with bases A207, A115 and 
A114 in J4/J5 and bases C_2 , LL3 , G25 and G26 interact with A304, G303, 
A302 and A301 of J7. The ribozyme may recognise the sites used in 
circularisation by the same or a similar set of RNA-RNA interactions that may 
involve the 2' hydroxyl groups of the RNA.
I set out to identify the structures required for circularisation site recognition 
in the Tetrahymena ribozyme, and have developed a method of identifying 
sites in the 5' end of the intron and within the 5' exon. The most attractive 
m ethod to achieve this was to sequence individual gel purified circles using
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reverse transcriptase with a 5' end labelled sequence specific 
oligoribonucleotide primer. This proved impossible due to the difficulty in 
separating closely migrating circles; for example, C-399 and C-395 which 
differ by only 4 nucleotides virtually co-migrate. The amount of circle 
product that can be purified from polyacrylamide gel slices is also very small, 
with 50% of the recovered circles undergoing hydrolysis, making this method 
difficult for the identification of minor circularisation sites.
The method I developed was devised for producing single stranded cDNA 
copies of the circle junctions and specifically amplifying the cDNA containing 
circularisation sites using PCR technology. These cDNA molecules can then 
easily be cloned and sequenced. The method was established using the wild 
type intron, and optimised for the amplification of non-abundant circle 
species which often arise from m utant ribozymes.
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3.2. Results and Discussion.
32.1. RNA Transcription.
The Tetrahymena intron was cloned into the Hindlll and EcoRI restriction sites 
of pSP65 (fig. 3.4). Wild type RNA was transcribed with SP6 polymerase as in 
section 2.2.31, extracted firstly with phenol, then with chloroform and finally 
electrophoresed on a denaturing 6% polyacrylamide gel (fig. 3.5). The [a -^ P ] 
GTP labelled transcription products show the splicing intermediates 
(unspliced precursor, excised IVS and ligated exons) produced during a 60 
min transcription at 37°C. Circles formed from the excised intron or from 
precursor RNA that has undergone 3' splice site hydrolysis, run near the top 
of the gel. The circles, C-399 and C-395 run as a doublet and C-413 is visible 
as a less intense band above the other two.
3 2 2 . Splicing o f the W ild Type Precursor RNA.
[a -^ P ] GTP labelled precursor RNA was prepared as in section 2.2.31 and 
purified using polyacrylamide gel electrophoresis. The gel-purified precursor 
was incubated at 37°C in 100 mM (NH4)2S 04, 30 mM Tris-HCl pH  7.5, 0.2 
mM GTP with 4 mM MgCl2 in a 40 pi reaction volume. Portions (4 pi) were 
removed at intervals and added to an equal volume of formamide stop 
solution. Samples were electrophoresed on denaturing 6% polyacrylamide 
gels (fig. 3.6.a). Autoradiographs were scanned using a densitometer and the 
percentage of ligated exons released was plotted against time (fig. 3.7.a).
3.2.3. Circularisation o f Linear TVS.
Uniformly labelled IVS was prepared as in section 2.2.31 and separated by 
polyacrylamide gel electrophoresis. The gel-purified IVS was incubated at 
42°C in 10 mM Tris-HCl (pH 7.5), 50 mM (NH4)2S 04 and 25 mM MgCl2 in a 




The Tetrahymena intron is inserted into the Hindlll and EcoRI restriction 
sites of pSP65 (appendix II). The construct contains the 413 base intron 
with 7 bases of the original Tetrahymena 5' exon sequence and 11 bases 
of the 3' exon sequence. The precursor RNA transcribed from this 
construct, when linearised with PvuII, is 651 bases in length and 
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Figure 3.5.
Wild Type Transcription Products.
The transcription reaction was incubated at 37°C and contained 2 pg 
DNA template in 40 mM Tris-HCl (pH 7.5), 6 mM M gC^, 2 mM 
spermidine, 10 mM DTT, 100 p g / ml BSA, 6U SP6 RNA polymerase, 40U 
RNase inhibitor, 400 pM each ATP, UTP and CTP, 20 pM GTP and 25 pCi 
[a-32p] GTP. The uniformly labelled transcription products were 
denatured in an equal volume of formamide stop solution at 75°C for 5 
min and separated on a denaturing 6% polyacrylamide gel. The excised 
intron (IVS), the ligated exons (5E3E) and the precursor RNA (P) are 
labelled and the circles are bracketed. The 5* exon (El) is only 24 bases 
long and is not seen on the gel. The circles C-399 and C-395 are present as 




A, Splicing of Uniformly Labelled Precursor RNA.
Gel purified precursor RNA was incubated at 37°C in 25 mM (N H ^ S O ^  
6 mM Tris-HCl (pH 7.5) and 4 mM M gC^. The reaction was started by the 
addition of 200 pM GTP. Aliquots of 4 pi were removed at timed intervals 
(from 0-48 min) and mixed with an equal volume of formamide stop 
solution. The samples were denatured at 75°C for 5 min then 
electrophoresed on a denaturing 6% polyacrylamide gel. The precursor 
(pre), the excised intron (IVS), the ligated exons and the circles C-399 and 
C-395 are labelled.
B. Circularisation of Uniformly labelled IVS.
Gel purified IVS was incubated at 42°C in 10 mM Tris-HCl (pH 7.5), 50 
mM (N H ^ S C ^  and 25 mM MgCl2  to promote circularisation. Aliquots of 
4 pi were removed at timed intervals (from 0-32 min) and mixed with an 
equal volume of formamide stop solution. The samples were denatured at 
75°C for 5 min then electrophoresed on a denaturing 5% polyacrylamide 
gel. The excised intron (IVS) and the circle C-399 are labelled.
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A. Splicing of the Wild Type Precursor.
The autoradiograph of the wild type splicing reaction (fig 3.6. A) was scanned 
using a densitometer and the percentage of ligated exons produced from 












B. Circularisation of the wild type IVS RNA.
The autoradiograph of the wild type circularisation reaction (fig 3.2.3.B) was 
scanned using a densitometer and the percentage of linear IVS (t=0, 100%) 










and added to an equal volume of formamide stop solution. Samples were 
electrophoresed on a denaturing 5% polyacrylamide gel (fig. 3.6.b). 
Autoradiographs were scanned using a densitometer and the percentage of 
circle products formed was plotted against time (fig. 3.7.b).
32,4, First Strand cDNA Synthesis.
The wild type construct was transcribed as in section 2.2.31 and the template 
DNA was removed using RNase free DNase I (see 2.2.33). The 
deoxyribonucleotide primer (1 pmol), PCR1 (5'-CCAGGTGCATGCCTG-3' 
which anneals to the intron between bases 37 and 52, see appendix III), was 
kinased with 5 pCi [y-^p] ATP (3000 Ci/mMol, New England Nuclear). The 
unincorporated ATP was removed with a Nensorb column (see 2.2.9). The 
primer was annealed to the template RNA (see 2.2.33) and resuspended in 
one of two buffer systems for first strand synthesis. The radiolabelled 
products were treated with RNase A and electrophoresed on a denaturing 8 
% polyacrylamide gel alongside a known DNA sequence in order to size the 
cDNA products made.
Three main bands are seen in both lanes: at 74 bases, 49 bases and 36 bases. 
These correspond, respectively, to RNA that has not spliced, RNA that has 
undergone splicing or 5' splice site hydrolysis, and RNA that has circularised 
between bases 15 & 16 and subsequently undergone circle re-opening (fig.
3.8). Lane B (synthesis in the reverse transcriptase buffer) has a faint band at 
approximately 150 bases which corresponds to RNA that has circularised. 
The circle transcripts are all the same size, presumably because the secondary 
structure of the RNA is preventing cDNA synthesis past this position. From 
the primer to the beginning of region S is 151 bases. The S region forms a base 
paired structure (P7) with the region R forming part of the ribozyme core 
structure, which probably explains the lack of synthesis after this point. The
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Figure 3.8,
First Strand cDNA Synthesis.
Purified RNA circles (total transcription or extracted from gels) were 
resuspended in 100 mM Tris-HCl (pH 7.5), 50 mM MgCl2  w ith 2 mM of 
[a-32p] ATP end labelled oligonucleotide prim er (5- 
CCAGGTGCATGCCTG-3'), precipitated using ethanol and resuspended 
in one of two buffer systems with 25 U of reverse transcriptase. Lane A 
contains cDNA produced in Amersham first strand synthesis buffer (50 
mM Tris-HCl pH  8.3, 10 mM M gC^, 10 mM DTT, 1 mM sodium 
pyrophosphate, 20 mM dNTP's) and lane B contains cDNA produced by 
reverse transcriptase buffer (50 mM Tris-HCl pH  8.0, 6 mM M gC^, 10 
mM DTT, 50 mM KC1, 20 mM dNTP's)]. 10 pi of each transcription 
reaction was denatured at 75°C for 5' in an equal volume of formamide 
stop solution and electrophoresed on a denaturing 8% polyacrylamide gel. 
The samples were electrophoresed with a DNA sequencing ladder to 
estimate the size of the cDNA products. The tracks are in the order 
A,C,G,T from left to right. The asterix designates base 74. Lane A shows 
significantly less cDNA synthesis than lane B. Three main bands are seen 
in both lanes: at 74 bases, 49 bases and 36 bases. These correspond 
respectively to single stranded cDNA copies of RNA that has not spliced, 
RNA that has undergone splicing or 5' splice site hydrolysis and RNA that 
has circularised and undergone circle reopening. Lane B also contains a 
faint band at 150 bases which corresponds to single stranded cDNA 
synthesis across a circularisation site.
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reverse transcriptase buffer was used for first strand cDNA synthesis 
reactions in all subsequent experiments.
3.2.5. Amplification of Single Stranded cDNA by PCR.
The amount of single stranded cDNA transcripts that were synthesised across 
circle junctions in comparison to the percentage of transcripts that did not 
contain a circularisation site was so small that a method of selectively 
amplifying the cDNA containing circle junctions was needed. The 
polymerase chain reaction was chosen for this purpose. A sense 
oligonucleotide primer (PCR2: 5-CACAACGTAGTGAAGTAG-3' see
appendix III) was designed which exactly matched a sequence contained 
within the 150 base fragment observed after first strand synthesis and used in 
the PCR with the oligonucleotide (PCR1).
Single stranded cDNA transcripts were resuspended in 10 mM Tris-HCl (pH 
7.3), 50 mM KC1, 50 pM dATP, dCTP, dGTP and dTTP, 0.2 pM 
oligonucleotide primers PCR1 and PCR2, 0.5U Taq polymerase and a range of 
MgCl2  concentrations (1,1.5, 2, 3 and 4 mM). The reaction mixtures (100 pi) 
were overlaid with mineral oil and amplified for 25 cycles ( 75 s melting at 
95°C, 60 s annealing at 50°C and 60 s extension at 72°C). The reactions were 
electrophoresed on a 1% agarose gel. Reactions containing 1 and 1.5 mM of 
MgCl2 produced a band of approximately 120 bp corresponding to cDNA 
from circle products, and a fainter band at 300 bp was also visible. While, 
reactions containing the higher magnesium concentrations produced a range 
of non-specific, higher molecular weight products. For all further PCR 
experiments a concentration of 1.5 mM MgCl2 was used.
To determine the number and size of the cDNA products produced, the PCR 
amplification was repeated with the addition of 25 pCi [a -^ P ] dATP (specific
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activity of 3000 Ci/m m ol, ICN Biomedicals inc.). The radiolabelled cDNA 
products were electrophoresed on a denaturing 8% polyacrylamide gel (fig.
3.9). The wild type gave products of 127 bp, 113 bp and 109 bp after 
amplification, corresponding exactly to the sizes anticipated for the three 
circles known to be formed by the ribozyme: C-413, C-399 and C-395 
respectively.
RNA circle material was purified from a denaturing 6% polyacrylamide gel 
and single stranded cDNA was prepared as in section 2.2.33. cDNA was 
amplified using the PCR with 25 pCi [cc-^P] dATP under the same 
conditions as above. Bands of 127, 113 and 109 bp were obtained which 
correspond to C-413, C-399 and C-395. This indicates that the method is 
equally effective with circles present in the whole transcription mixture or gel 
purified circles.
3.2.6. Dilution o f the Template cDNA.
The wild type cDNA mix was diluted 1:10 (100 pg), 1:100 (lOpg) and 1:1000 
(lpg) to investigate amplification with less circle template present in the PCR 
mixture. cDNA products from the three reactions, amplified in the presence 
of [a-32P] dATP were electrophoresed on a denaturing 8 % polyacrylamide 
gel (fig. 3.10.a). The three wild type products were amplified to the same 
extent in all three cases. The method will therefore efficiently amplify all three 
of the wild type circles from as little as 1 pg of circle cDNAs. The method 
should therefore be capable of amplifying circles which are present only in 
trace amounts which arise from some species of m utant ribozyme.
3.2.7. PCR Amplification w ith Replinase.
The previous PCR experiments had been carried out using Amplitaq as the 
Taq polymerase. Another thermostable polymerase (Replinase) was tested in
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Figure 3.9.
Wild type PCR with Primers PCR1 and PCR2.
Single stranded cDNA transcripts were resuspended in 10 mM Tris-HCl 
(pH 7.3), 50 mM KC1,1 mM MgCl2, 50 pM dATP, dCTP, dGTP and dTTP, 
25 pCi [a-32P] dATP, 0.2 pM deoxyribonucleotide primers with 0.5U Taq 
polymerase. The reaction mix (100 pi) was amplified for 25 cycles ( 75 s 
melting at 95°C, 60 s annealing at 50°C and 60 s extension at 72°C) and 10 
pi were denatured for 5 min at 75°C in an equal volume of formamide 
stop solution and electrophoresed on a denaturing 8% polyacrylamide gel. 
Three products of 127bp, 113bp and 109bp were amplified, corresponding 
to C-413, C-399 and C-395 respectively. The amplified products were sized 
using a known sequence. The tracks are in the order T,G,C,A from left to 
right. The asterisk designates base 127. The double stranded products are 
separated into doublets by the denaturing gel.
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Figure 3.10.
A. PCR from diluted cDNA. Three dilutions of the wild type cDNA (1:10, 
1:100,1:1000) were resuspended in 10 mM Tris-HCl (pH 7.3), 50 mM KC1, 
1 mM MgCl2, 50 |iM dATP, dCTP, dGTP and dTTP, 25 nCi [a-32P] dATP, 
0.2 pM deoxyribonucleotide primers with 0.5U Taq polymerase. The 
reaction mix (100 pi) was amplified for 25 cycles ( 75 s melting at 95°C, 60 
s annealing at 50°C and 60 s extension at 72°C) and 10 pi samples were 
denatured at 75°C for 5 min in an equal volume of formamide stop 
solution then electrophoresed on a denaturing 8% polyacrylamide gel. 
The three wild type products (127bp, 113bp and 109bp) were amplified in 
all cases. The doublets are unmarked in the photograph but correspond to 
those in fig 3.9.
B. PCR with Replinase. The wild type cDNA was resuspended in 10 mM 
Tris-HCl (pH 7.3), 50 mM KC1, 1 mM MgCl2, 50 pM dATP, dCTP, dGTP 
and dTTP, 25 pCi [a -^ P ] dATP, 0.2 pM deoxyribonucleotide primers with
0.5U Replinase. The reaction mix (100 pi) was amplified for 25, 30 and 35 
cycles ( 75 s melting at 95°C, 60 s annealing at 50°C and 60 s extension at 
72°C) and 10 pi were denatured as above and electrophoresed on a 
denaturing 8% polyacrylamide gel.
C. PCR directly from RNA. The wild type RNA transcription reaction was 
performed at 37°C and contained 2 pg DNA template in 40 mM Tris-HCl 
(pH 7.5), 6 mM MgCl2, 2 mM spermidine, 10 mM DTT, 100 m g / ml BSA, 
6U SP6 RNA polymerase, 40U RNase inhibitor, 400 pM each ATP, UTP, 
CTP and GTP. The RNA was resuspended in 10 mM Tris-HCl (pH 7.3), 50 
mM KC1, 1 mM MgCl2, 50 pM dATP, dCTP, dGTP and dTTP, 25 pCi [<x- 
32p] dATP, 0.2 pM deoxyribonucleotide primers with 0.5U Taq 
polymerase. The reaction mix (100 pi) was amplified ( 75 s melting at 
95°C, 60 s annealing at 50°C and 60 s extension at 72°C) and 10 pi 
samples were removed at 30 and 35 cycles and denatured as above. The 
samples were electrophoresed on a denaturing 8% polyacrylamide gel.
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the PCR reaction to determine the number of cycles necessary to obtain the 
same level of amplification as that achieved by Amplitaq. The PCR was 
carried out under the same conditions as before, with 1U of Replinase. 
Samples were removed from the PCR after 25, 30 and 35 cycles (fig. 3.10.b) 
and electrophoresed on a denaturing 8% polyacrylamide gel. No 
incorporation of radiolabel was seen after 25 cycles. However, after 30 and 35 
cycles, the three wild type circle products are visible. The results suggest that 
30 cycles of amplification with Replinase are needed to give the same result 
as 25 cycles of amplification using AmpliTaq. Therefore all further 
experiments were amplified for 30 cycles using Replinase or 25 cycles using 
Amplitaq.
32.8, PCR Direct from RNA.
The previous PCR experiments have used single stranded cDNA as the 
template, however, Taq polymerase is also able to amplify double stranded 
cDNA directly from an RNA template. RNA was transcribed with SP6 
polymerase (section 2.2.31.), extracted with phenol then chloroform and 
precipitated using ethanol. The RNA was amplified under the PCR 
conditions in section 3.2.5 with 0.5U Amplitaq. No amplification was seen 
after 25 or 30 cycles (fig. 3.10.c). After 35 cycles both C-399 and C-395, which 
are present in the highest concentrations in the wild type transcription, were 
amplified, but C-413 which is less abundant is present only as a weak band. 
From these results it can be concluded that amplification from RNA is not 
suitable for the detection of non-abundant circles.
3.2.9. Cloning the Am plified Circle cDNA.
The PCR products were prepared as in section 2.2.29 and ligated into Smal 
digested pUC18. Colour selection was achieved by using X-gal and IPTG (see 
2.2.14). The white colonies were screened by colony hybridisation (see 2.2.23)
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with an oligonucleotide to the 3' end of the intron (5'-AGTTTTGGAGTACTC- 
3') to identify those containing circle cDNA. A ratio of positive colonies to 
false whites of 1 in 12 was obtained. False whites are probably caused by 
small deletions at the ends of the Smal vector.
3.2.10. PCR w ith  Mismatched Oligonucleotides Primers.
Two primers were designed, incorporating Hindlll and EcoRI restriction sites, 
to increase the efficiency of the ligation reactions. PCR with the wild type 
cDNA and the new deoxyribonucleotide primers (Appendix IV) PCR3 (5- 
TACCAGGTGAATTCCTGAT-3'), containing an EcoRI restriction site 
(underlined), and PCR4 (5-ACTGAGAAGCTTGATGAAGTGATGCAACAC 
-3'), containing a Hindlll restriction site (underlined), did not give [a -^ p ]  
labelled products of the sizes expected. Non-specific, high molecular weight 
products were seen after electrophoresis on a denaturing 8 % polyacrylamide 
gel.
A 1:10,000 dilution (10 pg) of cDNA amplified with primers PCR1 and PCR2 
was reamplified with 0.2 (iM of primers PCR3 and PCR4 for 30 cycles with 
Replinase or 25 cycles with Taq polymerase (75 s melting at 95°C, 60 s 
annealing at 45°C and 60 s extension at 72°C). This method did give products 
with sizes, 143 bp, 129 bp and 125 bp corresponding to those expected for the 
three wild type circles (C-413, C-399 and C-395) amplified with the new 
primers (fig. 3.11).
32.11. Cloning and Sequencing o f the Amplified cDNA.
The amplified PCR products were ligated into Hindlll/EcoRI cut pUC18 as in 
section 2.2.11. White colonies were screened by colony hybridisation with an 
oligonucleotide primer to the 3' terminus of the intron, upto 98% of the
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Figure 3.11.
PCR Amplification with Mismatched Oligonucleotide Primers PCR3 and PCR4.
Single stranded cDNA transcripts were resuspended in 10 mM Tris-HCl 
(pH 7.3), 50 mM KC1,1 mM MgCl2, 50 pM dATP, dCTP, dGTP and dTTP, 
25 pCi [a-32p] dATP, 0.2 pM deoxyribonucleotide primers (PCR1 and 
PCR2) with 0.5U Taq polymerase. The reaction mix (100 pi) was amplified 
for 25 cycles ( 75 s melting at 95°C, 60 s annealing at 50°C and 60 s 
extension at 72°C). A 1:10 000 dilution was then reamplified under the 
same reaction conditions for 25 cycles with an annealing temperature of 
45°C and the primers PCR3 and PCR4were substituted for PCR1 and 
PCR2. A 10 pi aliquot was denatured in an equal volume of formamide 
stop solution at 75°C for 5 min then electrophoresed on a denaturing 8% 
polyacrylamide gel. Three products of 143,129 and 125 bp were amplified 
and sized using a known DNA sequence. The tracks are in the order 
T,G,C,A from left to right. They correspond to the three wild type circle 
products expected from amplification with primers PCR3 and PCR4.
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recombinant clones contained DNA arising from circle junctions. The positive 
colonies were grown overnight in 5 ml of LB broth, and plasmid DNA 
prepared using a Qiagen tip 20 column. The plasmid DNA was used for 
sequencing the junctions of C-413, C-399 and C-395 (fig. 3.12). The method 
developed within this chapter is summarised in figure 3.13.
32.12. Southern Blot Analysis o f the Amplified cDNA.
Agarose gel electrophoresis of amplified cDNA circle products showed the 
presence of a high molecular weight band of approximately 300 bp. In order 
to identify this product the DNA was transferred to Hybond-N by Southern 
blotting (see 2.2.22) and the blot hybridised with an oligonucleotide primer to 
the 3' tail of the intron. The oligonucleotide bound to the lower molecular 
weight circle bands, but not to the 300 bp fragment. The fragment is therefore 
not formed by circularisation of the intron, since it does not contain the intron 
tail. Its formation therefore is probably due to non-specific binding of one or 
both of the oligonucleotide primers during PCR amplification.
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Figure 3.12.
Sequences of the Wild Type Circularisation Sites.
Amplified cDNA encompassing the circularisation junctions was ligated 
into pUC18 on either Smal or Hindlll and EcoRI. A number of clones were 
obtained from which the circularisation junctions were identified by 
double stranded dideoxy sequencing of the cDNA. Samples were 
denatured at 75°C for 5 min and electrophoresed on denaturing 8% 
polyacrylamide gels. Autoradiograph lane orders were: A, C, G, T. The 
three wild type PCR products were identified: (A) C-413, (B) C-399 and 
(C) C-395. Intron sequences are shown by upper case lettering and the 
circle junctions are indicated with an arrow head. The sequences are 
shown in descending order with ..GUACUCG, up to the arrow head is the 
3' terminus of the intron sequence. In sequence A the adenosine after the 
arrow  is A2 of the intron. Sequence B, the adenosine following the arrow 
is A16 and in sequence C, the uridine following the arrow is U20.
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Figure 3.13.
Scheme depicting the PCR Method for the Identification of RNA circle junctions.
1. RNA Transcription. The wild type transcription reaction was incubated 
at 37°C for 60 min and contained 2 pg DNA template in 40 mM Tris-HCl 
(pH 7.5), 6 mM M gC^, 2 mM spermidine, 10 mM DTT, 100 p g / ml BSA, 
6U SP6 RNA polymerase, 40U RNase inhibitor, 400 pM each ATP, UTP, 
CTP and GTP.
2. cDNA Synthesis. The RNA was resuspended in 100 mM Tris-HCl pH
7.5, 50 mM MgCl2  with 2 mM of oligonucleotide primer PCR1. The RNA 
and primer were annealed by precipitation using ethanol and 
resuspended in reverse transcriptase buffer 50 mM Tris-HCl pH  8.0,6 mM 
M gC^, 10 mM DTT, 50 mM KC1, 20 mM dNTP's. Single stranded cDNA 
was transcribed using 25U reverse transcriptase. The RNA was then 
removed from the single stranded cDNA by incubation with 20U RNase A 
for 20 min at 65°C.
3. Primary PCR. The single stranded cDNA transcripts were resuspended 
in 10 mM Tris-HCl (pH 7.3), 50 mM KC1, 1 mM MgCl2, 50 pM dCTP, 
dGTP, dTTP and dATP, 0.2 pM deoxyribonucleotide primers (PCR1 and 
PCR2) with 0.5U Taq polymerase for 25 cycles or Replinase for 30 cycles 
(75 s melting at 95°C, 60 s annealing at 50°C and 60 s extension at 72°C).
4. Secondary PCR. The PCR mixture was diluted 1:10 000 and reamplified 
under the same reaction conditions for 25 cycles with an annealing 
tem perature of 45°C and the mismatched oligonucleotide primers PCR3 
and PCR4 encoding H indlll and EcoRI sites respectively.
5. Blunt End Ligation. The PCR1 /  PCR2 product is blunt ended and ligated 
into Smal restricted pUC19.
6. Sticky Ended Ligation. The PCR3 /  PCR4 product is restricted with 
H indlll and EcoRI and ligated into Hindlll / EcoRI restricted pUC19.
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4. The 3' SPLICE SITE.
4.1. Introduction.
4.1.1. Recognition o f the 3 'Splice Site.
The 3' splice site is cleaved in the second step of the splicing reaction, 
releasing the intron and ligated exons. It is recognised by three RNA-RNA 
interactions: (1) the P10 Watson-Crick base pairing, (2) the binding of G414 to 
the guanosine binding site and (3) the P9.0 tertiary interaction. Two Watson- 
Crick base paired interactions, PI (between the 5' exon and the IGS) and P10 
(between the 3' exon and the IGS) have been proposed to align the two splice 
sites in close proximity for accurate splicing (fig. 4.1.) (Davies et ah, 1982; 
Michel et al.f 1982; Waring et al., 1983). The existence of the PI interaction has 
been supported by mutational analysis (Been & Cech, 1985, 1986; Waring et 
al., 1986: Price et al., 1987). However, deletions in the region of the IGS 
involved in P10 base pairing do not affect the second step of splicing (Been & 
Cech, 1985), but P10 is essential for preventing the use of cryptic 3' splice sites 
(Suh & Waring, 1990).
The cleavage of the 5' splice site during the first step of the splicing reaction 
proceeds by a transesterification mechanism using guanosine as the 
nucleophile, similarly the 3' terminal guanosine (G414 in the Tetrahymena 
intron) is the nucleophile involved in the circularisation reaction. Both the 
free guanosine and the 3' terminal nucleotide are thought to bind at the same 
guanosine binding site. The intermolecular exon ligation reactions of Kay and 
Inoue (1987) showed the importance of a guanosine residue preceding the 3' 
splice site: C pU on reacted with the dinucleotides GpN (where N is any 
nucleotide), whereas the dinucleotides ApN, CpN and UpN did not. The 3' 
terminal guanosine, of the intron, was found to be obligatory for the second
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Figure 4.1. 
Recognition of the 3' splice site.
The model shows the exon ligation step of the splicing reaction. The exons are 
in lower case and the intron sequence in upper case. The interactions that are 
important in 3' splice site recognition (P9.0, P10 and G264) are indicated. The 
conserved sequences R and S which form the P7 helix of the ribozyme contain 
G264 which has been identified as part of the guanosine binding site.
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step of splicing (Price & Cech, 1988) and was subsequently shown to interact 
w ith the guanosine binding site during exon ligation (Been & Perrotta, 1991).
Using comparative sequence analysis, a tertiary base pairing interaction P9.0 
(Burke et al., 1989, 1990; Michel et al., 1990 ) between bases 313-314 and the 
two bases preceeding the 3' terminal guanosine (412-413) was identified (fig.
4.1.). Although the sequence at these two sites is not conserved amongst 
group I introns, the ability to form a base paired interaction is. P9.0 has been 
shown to be essential for the recognition and cleavage of the 3' splice site 
during the second step of the splicing reaction and 3' splice site hydrolysis.
4.1.2. The role o f the 3 ' splice site in circularisation.
Circularisation was shown to involve the recognition of bases at the 3' end of 
the intron in the guanosine addition reaction at the C-399 circularisation site 
(Tanner & Cech, 1987). Since the formation of circular IVS occurs only after 
the removal of the 3’ exon (either by the second step of splicing or 3' splice 
site hydrolysis), the P10 base pairing cannot be involved in the recognition of 
the 3' end of the intron during circularisation, but a similar interaction may be 
involved in the re-opening of some circles.
I have investigated the role of the P9.0 tertiary interaction and the 3' terminal 
guanosine on the rate of circularisation by analysing the effects of base 
substitutions at the three nucleotides upstream  from the 3' splice site. I have 
discovered that the Tetrahymena ribozyme is able to hydrolyse some circles at 
sites other than those used in circle formation. Analysis of this hydrolysis site 
indicates similarites between the selection of the 3' splice site during splicing 
and the site cleaved in circle re-opening by specific hydrolysis. My results 
show for the first time that the ribozyme can realign and recognise a more 
susceptible site for hydrolysis in a sequence dependant manner.
46
4.2. Materials and Methods.
42.1. The preparation o f mutants adjacent to the 3* splice site.
The 3' splice site mutants U412A, C413A, G414A and G414U were already 
available in the pSP65 vector and were identified using double stranded 
sequencing. The double m utant U412A:C413A was produced using the PCR. 
The wild type intron was amplified with an oligonucleotide primer to the SP6 
promoter sequence (5'-ACCTTATGTATCATACACAT-3’) and a mismatched 
oligonucleotide primer containing the base substitutions at nucleotides 412 
and 413 of the intron (double underlined) and the Hindlll cloning site 
(underlined): (S'-CAGTGCCAAGCTTGGCTGCAGGTCGAGGCATTTGGCT 
ACCTTACTTGTACT-3') was amplified as in section 2.2.26. The amplified 
intron segment was digested with Hindlll and EcoRI and ligated into 
Hindlll/EcoRI digested pSP65. The sequence was verified using double 
stranded sequencing of a maxi plasmid preparation.
42.2. Production o f pSP65 (UU) Vector.
A fragment of approximately 3 kb, encoding all of the pSP65 vector, was 
amplified using PCR with an oligonucleotide to the 3' splice site 
(5'AG ATitGGAGTACTC-3') and a mismatched oligonucleotide to the 5* end 
of the exon containing the two base substitutions (double underlined) and an 
EcoRI restriction site (underlined) (5'AGTGGGAATTCCGTGTAAACTATAG- 
3'). The fragment was amplified for 30 cycles ( 75 s melting at 95°C, 60 s 
annealing at 50°C and 180 s extension at 72°C ). The fragment obtained by 
PCR was digested overnight with Hindlll and EcoRI and the wild type 
Hindlll/EcoRI intron fragment ligated into the new vector. The sequence was 
verified using double stranded sequencing of DNA from a maxi plasmid 
preparation.
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The Hindlll/EcoRI intron fragments from U412A, C413A, U412A:C413A, 
G414A and G414U were ligated into the pSP65(UU) Hindlll/EcoRI digested 
vector and the constructs WT(UU), U412A(UU), C413A(UU),
U412A:C413A(UU), G414A(UU) and G414U(UU) were verified by double 
stranded sequencing.
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4.3. Results and Discussion.
43,1, Rate o f Circle Formation,
Uniformly labelled linear IVS from each of the five mutants U412A, C413A, 
U412A:C413A, G414A and G414U was tested under conditions favourable for 
drcularisation to investigate their effect on the rate of circle formation. The 
proportion of linear IVS converted to circle products (this includes circles and 
reopened  circles) was plotted against time (fig. 4.2).
Substitutions to the 3' terminal guanosine, G414A and G414U, produce a 
reduced rate of circle formation compared to the wild type ribozyme. 
However, both G414A and G414U do form significant amounts of circles, 
w ith the rate of circle formation being greater in G414A than G414U. G414 
has been shown to bind to the guanosine binding site during exon ligation 
(Been and Perrotta, 1991), therefore it is probable that the same site is used 
during drcularisation (Michel et ah, 1989). My results show that the identity 
of the 3' terminal nucleotide of the ribozyme (G414) is important for effident 
drcularisation.
In the splicing reaction, GTP can be substituted by ATP, albeit with reduced 
efficiency, but not by UTP (Yarus et ah, 1991); while in the guanosine addition 
reactions of p eliminated L-19 RNA, that mimic drcularisation, neither AMP 
nor UMP could substitute for GMP at the 0 3 9 9  drcularisation site (Tanner & 
Cech, 1987). Since there are no functional groups common to guanosine, 
adenosine and uridine, groups on the base cannot be directly implicated in 
the mechanism of circularisation. If the adenosine and the uridine bind to the 
same site on the RNA, then a substitution by another purine would probably 
be more acceptable than a pyrimidine. The difference in the rate of 











Circularisation of uniformly labelled IVS.
IVS was incubated at 42°C in 10 mM Tris-HCl (pH 7.5), 50 mM ( N H ^ S C ^  
and 25 mM MgCl^ Aliquots (4 pi) were removed at timed intervals into an 
equal volume of stop solution and denatured at 75°C for 5 m in than 
electrophoresed on 5% denaturing polyacrylamide gels. The percentage of 
linear IVS converted to circle products (circles and re-opened circles) w as 
calculated from a densitometer trace of the autoradiograph and p lo tted  
against time. Wild type (•) , U412A (□), U412A:C413A (■), C413A ( x), G414A 
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the rate of binding of the terminal nucleotide to the guanosine binding site or 
by a disruption of the three dimensional structure of the core as a result of 
binding.
The initial rates of circle formation in the wild type and mutants U412A, 
C413A and U412A:C413A, all of which have altered P9.0 base pairing, are 
identical. U412A, which could still form a P9.0 interaction, consisting of one 
base pair between bases 413 and 313 or involving two base pairs between 413 
and 313 and an A.A reverse Hoogsteen base pair between positions 412 and 
314, has the same kinetic profile as the wild type. C413A and U412A:C413A, 
where P9.0 has been disrupted between bases 413 and 313, show a decreased 
rate of circle formation after 30% of the IVS has reacted. The premature 
levelling off of circularisation, strongly suggests a mixture of active and 
inactive conforms. Thus, P9.0 may be important in the assembly of the active 
structure prior to circularisation.
I have shown that the exact structure of the P9.0 base pairing between 
positions 314 and 412 is not critical, because an A.A pairing in place of an A.U 
base pairing at this position has no significant effect on the kinetics of the 
reaction. These results suggest that either pairing between bases 412 and 314 
is unnecessary for circle formation and subsequent steps, or that an A.A 
Hoogsteen base pair exists. A survey of P9.0 pairings among Group I introns 
(Burke, 1989) found that after standard Watson-Crick or G.U base pairs, a 
non-standard A.A base pair was favoured at either site. Other non-standard 
base pairs have also been identified in the tertiary structure of the 
Tetmhymena intron (Couture, et a l, 1990; Downs & Cech, 1990).
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43.2. Novel Circle Formation.
RNA transcription products were labelled uniformly with [a -^ P ] GTP and 
separated on denaturing 6% polyacrylamide gels as described in section 
2.2.31. In transcription reactions, U412A produces the same amount of 
processed transcription products as the wild type, whereas C413A and 
U412A:C413A (fig. 4.3) and G414A and G414U (results not shown) all show a 
marked decrease in splicing activity with the presence of only small amounts 
of ligated exons.
Autoradiographs of the gels were examined to identify any circles present in 
addition to those formed by the wild type. RNA from all of the mutants, 
except U412A, form a new circle, indicating that P9.0 and the terminal 
nucleotide can influence the fidelity of circularisation. To identify these 
circles, cDNA copies of the circularisation junctions were synthesised from 
total transcription RNA or gel purified RNA circles (section 2.2.33). The 
cDNA copies were uniformly labelled during PCR with [a -^ P ] dATP, and 
separated on denaturing 8% polyacrylamide gels (fig. 4.4). The wild type 
gives amplification products of 127bp, 113bp and 109bp, whereas mutants 
with base substitutions that should disrupt the P9.0 base pairing (C413A and 
U412A:C413A) or that alter the binding of the 3’ terminal nucleotide to the 
guanosine binding site (G414A and G414U) form a new circle product which 
is seen as a 150 bp fragment (fig. 4.4 lanes B,C,D). The cDNA fragments 
containing the circle junctions were identified by cloning into pUC18 and 
sequencing the recombinants.
The three products amplified from the wild type match the expected circle 
junctions of C-413, C-399 and C-395. The 150 bp fragment corresponds to 
circle formation at the phosphodiester bond of the 5' terminal guanosine of 
the 5’ exon in precursor RNA molecules which have lost their 3' exon; this
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Figure 4.3.
RNA Transcription Gel of the 3 ' Splice Site Mutants.
Transcription reactions were carried out with 2 pg DNA template in 40 
mM Tris-HCl (pH 7.5), 6 mM M gC^, 2 mM spermidine, 10 mM DTT, 100 
jig / ml BSA, 6U SP6 RNA polymerase, 40U RNase inhibitor, 400 |iM each 
ATP, UTP, CTP, 20 pM GTP and 25 pCi [a"^P ] GTP. The transcription 
products were denatured in an equal volume of formamide stop solution 
at 75°C for 5 min and electrophoresed on a denaturing 6% polyacrylamide 
gel. Lane A: WT, B: U412A, C: C413A and D: U412A:C413A. The precursor 
(P) and the excised intron (IVS) and the ligated exons (5E3E) are labelled. 
The circles are bracketed. No formation of C-413:5E23 is detected in any of 
the mutants.
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Figure 4.4.
Autoradiograph of [d -^P l dATP Labelled DNA Amplification Products 
Separated on 8% Denaturing Polyacrylamide Gels.
Single stranded cDNA transcribed from total transcription RNA was 
resuspended in 10 mM Tris-HCl (pH 73), 50 mM KC1, 1 mM M gC^, 50 
|iM dCTP, dGTP, d'TlP and dATP, 0.2 fiM deoxyribonudeotide primers 
(PCR1 and PCR2) with 0.5U Taq polymerase and amplified for 25 cydes 
(75 s melting at 95°C, 60 s annealing at 50°C and 60 s extension at 72°C). 
10 |il samples were denatured in an equal volume of formamide stop 
solution at 75°C for 5 min and electrophoresed on a denaturing 8% 
polyacrylamide gel. The amplified products were sized in comparison to 
a known sequence. The tracks are in the order T,G,C,A from left to right. 
The asterisk shows the position of base 127. Lane A: m utant U412A forms 
only the normal wild type products. Lane B: m utant G414A gave two 
major bands: a 150 bp fragment corresponding to C-413:5E23 and a 127 bp 
fragment corresponding to C-413. G414U gave an identical result (data not 
shown). Lanes C & D: Mutants U412A:C413A and C413A produce all 
three wild type d rd es  in addition to C-413:5E23. The double m utant 
U412A:C413A (lane C) gives another amplified product (+) not yet 
identified by sequence analysis. Lane E: Wild type amplification products 
of 127bp, 113bp and 109bp correspond to C-413, C-399 and C-395 
respectively.
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circle will be referred to as C-413:5E23. The terminal phosphodiester bond has 
been shown to participate in a similar exchange reaction with GTP in SP6 
generated transcripts of the large rRNA of yeast mitochondria (Arnberg et a l, 
1986), and in the precursor of the large rRNA of Tetrdhymena thermophila 
(Price et a l, 1987). There have also been several reports of nucleophilic attack 
by the 3' terminal hydroxyl group of a guanosine at a phosphodiester bond 
proceeded by another guanosine (Been & Cech, 1985). This group of reactions 
has been termed "G exchange", because one guanosine displaces the other via 
transesterification. C-413:5E23 formation resembles the G exchange reaction 
that is thought to account for circle formation from excised IVS at the 5' splice 
site (fig. 4.5.a). The guanosine exchange reaction has been shown to be 
specific for guanosine as the nucleophile (Kay et al, 1988), but my results 
show that base substitutions to the terminal guanosine (G414A and G414U) 
still result in the formation of C-413:5E23, indicating that a G exchange 
mechanism is not involved in its formation.
C-413:5E23 formation (fig. 4.5.d) resembles both splicing and circle formation 
at the 5’ splice site (fig. 4.5.b,c). All three are phosphodiester transfer reactions 
involving nucleophilic attack by the 3' hydroxyl group of a 3' terminal 
nucleotide at a Watson-Crick hairpin structure between the 5' exon and the 5’ 
exon binding site within the IGS. However, the formation of C-413:5E23 
differs in that phosphodiester transfer does not occur after a tri-pyrimidine 
tract.
The PI hairpin structure formed during splicing is thought to interact with 
the core at residues A302, G303, A304, A305 (Williamson et a l, 1987) and 
residues A114, A115 and A207 (Michel & Westhof, 1990), but it is not yet 
known which part of the core recognises and binds the hairpin loop 




a) circle formation at the 5' splice site by the G exchange mechanism; b) 
the alignment of precursor RNA during splicing of the 5' splice site, 
and c) circularisation at the 5' splice site after 3' splice site hydrolysis. 
Exon sequences are represented by lower case and intron sequences by
formation of a duplex between the 5' terminus of the 5' exon and the 5' 
exon binding site, both of which could be recognised by the intron core 
for circularisation to occur. C-413:5E23 is formed by mutants C413A, 
U412A:C413A, G414A and G414U. The realigned structures in (d) are 
shown for m utant C413A. The three bases which are boxed form the 
new 3' terminus of the intron after hydrolysis of C-4135E23.
upper case. d(i) and d(ii) shows two proposed structures for the
























new circle (C-413:5E23) might reflect a structural change in the binding site 
for the hairpin loop during circle formation in these mutants, allowing the 
binding of a new hairpin structure formed between the 5’ end of the exon and 
the 5' exon binding site.
The disruption of the P9.0 pairing between bases 313 and 413 or a base 
substitution to the 3' terminal guanosine result in the formation of C- 
413:5E23. However, U412A, in which P9.0 pairing is altered but does not 
appear to be disrupted, forms the same circles as the wild type during 
transcription and after cDNA amplification. This suggests that the absence of 
Watson-Crick base pairing in P9.0 between residues 412 and 314 does not 
affect circularisation site recognition.
43,3, Base substitutions a t the 5 f end o f the 5* exon prevent formation of C- 
4135E23,
The formation of the circle C-413:5E23 may involve the formation of a base 
paired hairpin structure between the 5' end of the 5' exon and the IGS (fig
4.5.d). To verify the existence of a base paired stem, the 5' terminal sequence 
(GAA) of the 5’ exon was altered to GUU, in order to disrupt any base pairing 
that may occur. The bases that were mutated are important for RNA 
transcription by SP6 polymerase (Melton et al, 1984), with approximately 100 
times less RNA being transcribed in each reaction with the mutants that start 
with GUU. However PCR amplification of cDNA from the transcription 
reactions was unaffected. The effects of the vector pSP65(UU) on the wild 
type splicing products were investigated by transcription of the RNA as in 
section 2.2.31 and followed by electrophoresis on a denaturing 6% 
polyacrylamide gel. An autoradiograph of [a -^ P ] GTP radiolabelled 
transcription products of Wt(UU), U412A(UU), C413A(UU) and G414A(UU) 
RNA is shown in fig. 4.6. The mutation in the 5' exon does not affect the size
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Figure 4.6.
Transcription Gel of the 3 ' Splice Site Mutants in pSP65 (UU).
Transcription reactions were carried out with 2 pg DNA template in 40 
mM Tris-HCl (pH 7.5), 6 mM M gC^, 2 mM spermidine, 10 mM DTT, 
100 jig / ml BSA, 6U SP6 RNA polymerase, 40U RNase inhibitor, 400 
HM each ATP, UTP, CTP, 20 jxM GTP and 25 nCi [a‘32P] GTP. The 
transcription products were denatured in an equal volume of stop 
solution at 75°C for 5 m in and were electrophoresed on a denaturing 
6% gel. Lane A. WT(UU), B. U412A(UU), C. C413A(UU) and D. 
G414A(UU). The precursor (pre) and the excised intron (IVS), the 
ligated exons (E1E2), the 3' exon (E2) and the circles are labelled. A 





or range of splicing products produced after transcription by the mutant 
vector Wt(UU). Formation of the circle C-413:5E23 was not observed in any of 
the mutants.
To detect any traces of C-413:5E23 formation, the transcription products from 
the Wt(UU), U412A(UU), C413A(UU), G414A(UU) and G414U(UU) were 
amplified using the PCR (fig 4.7). The Wt(UU) (lane A) and U412A(UU) 
(results not shown) produce the three wild type circles, indicating that the 
mutation in the 5' exon does not affect normal circularisation. Formation of C- 
413:5E23 was not observed in any of the five mutants tested, suggesting that 
the predicted base paired interaction with the 5' end of the exon is a 
prerequisite for its formation.
C413A(UU) (lane B) forms the wild type circles and an extra product of 
120bp. Both G414U(UU) (lane C) and G414A(UU) (not shown) produce the 
wild type circles and two extra bands at 120bp and 132bp, all of which have 
been sequenced (fig. 4.8). The 132 bp cDNA product corresponds to circle 
formation by either (1) 3' splice site hydrolysis six bases into the 3' exon after 
the sequence GGU and circularisation at the 5' splice site forming C-413:3E6 
or (2) 3* splice site hydrolysis five bases into the 3’ exon after the sequence 
AGG and circularisation between bases U_| and C_2 of the 5’ exon forming C- 
413:5E1:3E5 (fig. 4.9.b,c). Each possibility involves the inaccurate recognition 
of the 3' splice site causing hydrolysis to occur in the 3' exon sequence.
C-413:5E1:3E5 is formed by hydrolysis within the 3' exon 3' of a guanosine 
residue while C-413:3E6 is formed by hydrolysis 3' of a uridine residue. It is 
most likely that hydrolysis would occur after another guanosine residue 
when the terminal guanosine is substituted. However, in mutants with 
shortened 5' exon sequences, guanosine addition six bases into the 3' exon
54
Figure 4.7.
PCR ofcDNAfrom the 3 ' Splice Site Mutants in the pSP65(UU) Vector.
Single stranded cDNA transcripts transcribed from total RNA 
transcription reactions, were resuspended in 10 mM Tris-HCl (pH 7.3), 
50 mM KC1,1 mM MgCl2, 50 pM dCTP, dGTP, dTTP and dATP, 0.2 
pM deoxyribonucleotide primers (PCR1 and PCR2) with 0.5U Taq 
polymerase for 25 cycles or Replinase for 30 cycles ( 75 s melting at 
95°C, 60 s annealing at 50°C and 60 s extension at 72°C). 10 pi samples 
were denatured in an equal volume of stop solution at 75°C for 5 min 
and electrophoresed on a denaturing 8% polyacrylamide. Lane A: The 
WT(UU) m utant forms only the normal wild type products. Lane B: 
The m utant C413A(UU) forms the wild type circles but not the 150 bp 
product corresponding to C-413:5E23 formation. Another product of 
120 bp is also detected. L a n e  C; T h e  m u ta n t  G414A(UU) produces the 
three wild type products but not the 150 bp fragment. Two extra circle 
products of 120 and 132 bp are seen, corresponding to C-407 and C- 
413:5E1:3E5 or C-413:5E6 formation respectively.
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Figure 4.8.
G414U Circularisation Site Sequences.
Circularisation sites were located by ligation of the PCR amplified 
products into the Smal or Hindlll and EcoRI restricted pUC18 vector, 
followed by dideoxy sequencing of the double stranded vector across 
the circularisation junctions. Sequences were electrophoresed on 
denaturing 8% polyacrylamide gels. Tracks were in the order, A, C, G, 
T. Lane A: C-413, Lane B: C-407 and Lane C: C-413:5E1:3E5 or C- 
413:5E6. The RNA sequence corresponding to the DNA sequence is 
listed. The intron sequence is represented by uppercase lettering and 
the exon sequence by lower case. The circularisation sites are indicated 
by arrow  heads.
xnoncnc^ » > c > n n »
>
' m i l
m  f -
T t» n o > c > » ' e •<***#>» e cnco>co>
O
I f f f  I g f  i * »
I"  " ,  J « ,
after a uridine has been observed (Price et al., 1987). The formation of this 
circle shows a reduced recognition of the 3' splice site in these two mutants, 
emphasizing the requirement of a 3' terminal guanosine in 3' splice site 
recognition during hydrolysis. Both of the mechanisms outlined above for the 
formation of the 132 bp product by G414A and G414U are possible.
The 120bp product formed by C413A(UU), G414U(UU) and G414A(UU) 
corresponds to circle formation at the phosphodiester bond between bases G7 
and C8 of the intron (fig. 4.9.a) after the sequence UAG. The circle, C-407, is 
found in 413A, 414A and 414U as well as their corresponding mutants in the 
pSP65(UU) vector. Formation of C-407, in 413A, could be by a G exchange 
mechanism. However, if the terminal guanosine is substituted for an A or U 
(414A and 414U) the circle is still formed. The mutations to the 3’ terminus of 
the intron may distort the tertiary structure of the ribozyme core allowing the 
new circularisation site of C-407 to bind.
These results again suggest that the P9.0 interaction and the identity of the 
terminal nucleotide are involved in the correct alignment and cleavage of the 
circularisation sites and the terminal nucleotide is also involved in accurate 3’ 
splice site recognition.
43.4. Hydrolysis and Recircularisation o f C-413:5E23.
PCR reamplification of amplified cDNA from the mutants C413A, 
U412:C413A, G414A and G414U which produce C-413:5E23 showed the 
formation of three minor amplification products of 135 bp, 120 bp and 116 bp, 
which were identified after cloning and sequencing: representative examples 
arising from C413A and G414U are shown in fig. 4.10.
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Figure 4.9.
Circle Formation in G414U.
A: Shows a proposed alignment for the formation of C-407 in m utants 
G414U and G414U(UU). B and C: show two different origins for the 
formation of the 132 bp fragment produced during PCR amplification 
of G414U(UU) cDNA. B: depicts the proposed formation of C- 
413:5E1:3E5. Hydrolysis occurs 5 bases into the 3' exon followed by 
circularisation after base C_2 of the 5' exon. C: depicts the proposed 
formation of C-413:3E6. Hydrolysis occurs 6 bases into the 3' exon 
followed by circularisation at the 5' splice site.
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Figure 4.10.
DNA Sequences of Circles Derived from C-413:5E23.
Circularisation sites were located by ligating the PCR amplified 
products into the pUC18 vector, followed by dideoxy sequencing of 
the double stranded vector across the circularisation junctions. 
Sequences were electrophoresed on denaturing 8% polyacrylamide 
gels. Autoradiograph lane orders were: T, G, C, A. The sequences 
show the circularisation junctions of A: C-413:5E23 from m utant 
C413A RNA; B: C*413:5E8 from m utant C413A RNA; C: C*395:5E8 
from m utant G414U RNA and D: C*399:5E8 from m utant C413A RNA

The phosphodiester bond formed during circularisation of the wild type 
ribozyme is susceptible to site specific hydrolysis. The amplification products, 
however, correspond to re-opening of C-413:5E23 eight nucleotides 
downstream from the original circularisation site. This is followed by 
redrcularisation at one of the three sites chosen by the wild type. To account 
for these observations, C-413:5E23 must hydrolyse to form a linear molecule 
with a functional 3* guanosine that is then able to recircularise at any of the 
three wild type sites to form C*413:5E8, C*399:5E8 and C*395:5E8 (fig. 4.11).
The new site of circle hydrolysis is immediately 3' of the sequence -ACG 
which resembles the wild type sequence and is identical to the 3’ terminus of 
the m utant U412A. The sequence terminates with a guanosine that can bind 
the guanosine binding site and leaves the two penultimate bases to form an 
altered but stable P9.0 pairing that contains an A.A pair similar to that which 
may form in the m utant U412A. The sequence following the site of hydrolysis 
can base pair to the IGS in a partial P10 interaction that could be recognised 
by the intron.
Following the formation of C-413:5E23, the 3' terminus of the intron might 
realign (fig.4.5d) forming a structure resembling the wild type, restoring an 
alternative P9.0 pairing and a guanosine at the guanosine binding site. This 
structure would probably be more susceptible to hydrolysis than the altered 
3' end of the intron in the m utant ribozymes. The identity of common features 
of cryptic and normal sites of hydrolysis can provide clues as to how the site 
is recognised. A comparison between the normal 3' splice site, a cryptic 3’ 
splice site (Suh & Waring, 1990) and the site of C-413:5E23 hydrolysis show 
similarities (Table 4.1). The results obtained and the comparison indicate that 
the terminal guanosine and the ability of the intron to form a P9.0 pairing 
between bases 413 and 313 are important in the recognition of phosphodiester
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Figure 4.11.
Novel Circle Formation in Mutants C413A, U412A:C413A, G414A and
G414U.
The d rd e  C-413:5E23 originates from precursor RNA molecules that 
have undergone 3’ splice site hydrolysis. Circularisation occurs by a 
phosphodiester transfer between the 3' terminal nudeotide of the 
intron and the phosphodiester bond of the 5' terminal guanosine 
residue of the 5' exon. After a proposed realignment (see fig 4.5.d ), 
C-413:5E23 is able to re-open 8 nudeotides downstream from the 
original drcularisation site by restoring a terminal guanosine residue 
and P9.0 pairing. The linear molecule can redrcularise at any of the 3 
wild type sites to form CM13I5E8, C,I399:5E8 and C*395:5E8. Exon 
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Table 4.1.
A Comparison of the Sites of Hydrolysis in the Tetrahymena Ribozyme.
A  comparison of the 3' splice site, a cryptic 3' splice site (Suh & Waring, 1990) 
and the site of hydrolysis for the circle C-413:5E23 show the sequence 
elements necesary for 3' splice site hydrolysis.
Normal 3' splice site 
Cryptic 3' splice site 
C-413:5E23 Hydrolysis site
U C G . U A A G
C C G . G A A G
A C G . G A A U
bond hydrolysed during circle re-opening and 3' splice site hydrolysis. On the 
other hand, the P9.0 pairing between residues 412 and 314 does not appear to 
be necessary. However A, U and C can all form a reverse Hoogsteen base pair 
with A314 indicating that this interaction, if it exists in circle formation and 
site specific hydrolysis, may not be a Watson-Crick base pair. Partial P10 base 
pairing is seen in all three cases; this could aid recognition of the 
phosphodiester bond to be hydrolysed, but is not essential since the wild type 
circles, C-399 and C-395, are unable to form a P10 interaction yet readily 
hydrolyse.
Once C-413:5E23 has re-opened, releasing the active 3' hydroxyl of the 
terminal guanosine, it can participate in other circularisation reactions by 
phosphodiester transfer at any of the three wild type circularisation sites. The 
new intron tail -ACG is similar in sequence to the wild type -UCG. An 
interaction similar to the P9.0 pairing and binding of the terminal guanosine 
may occur at the 3' terminus of re-opened C-413:5E23, positioning it for 
phosphodiester transfer with the wild type circularisation sites (fig 4.12).
These results suggest that the 3’ terminal guanosine and the P9.0 pairing are 
recognised in the selection of the phosphodiester bond hydrolysed by the 
intron during circle re-opening and 3' splice site hydrolysis.
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Figure 4.12.
Realignment ofC-413:5E23 for Recircularisation.
A comparison of the alignments of the three wild type circles C-413, C- 
399 and C-395 w ith the proposed realignments for the recircularisation 
of linearised C-413:5E23 RNA at the wild type circularisation sites. The 
new 3' terminus -ACG of the linearised C-413:5E23 RNA is recognised 
by the ribozyme as the wild type and circle formation occurs at the 
wild type sites. This results in C*399:5E8, C*395:5E8 and C*413:5E8 
circle formation. Exon sequences are shown in lower case and intron 
sequences in upper case.
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5. THE INTERNAL GUIDE SEQUENCE.
5.1 Introduction.
The 5' splice site is aligned for accurate splicing by the Internal Guide 
Sequence (IGS) which base pairs with the 5' exon forming the PI base pairing 
interaction (Davies et a l, 1982; Waring et al, 1983, 1986; Been & Cech, 1986). 
The 3' end of the IGS is purine rich and is contained within the sequence 5'- 
GGAGGGAAAA-3' which covers positions 22-31 of the intron. Bases 22-25 
form the 5' exon binding site (Been & Cech, 1986) whereas bases 25-28 are 
involved in circle formation (Been & Cech, 1987). It was proposed that both 
the 5' splice site (UCU) and the C-399 and C-395 circularisation sites (UUU & 
CCU respectively) could bind to the same binding site (Sullivan & Cech, 1985; 
Been & Cech, 1985; Inoue et al, 1986; Bass & Cech, 1986), however nucleotide 
substitutions at bases 23-28 have shown that there are multiple binding sites 
within the purine sequence for circularisation and splicing. These 
observations led to an alternative model in which the active site of the 
ribozyme could move along the IGS.
The secondary structure of the PI stem is based on Watson-Crick base pairing 
between the 5' exon and the IGS with a G.U wobble base pair at the reactive 
site. The only base combination which can substitute for a G.U wobble base 
pair at the 5' splice site was shown to be a C.A wobble base pair in the 
experiments of Doudna and coworkers (1989). They concluded that the 
structure and not the nucleotide sequence of PI determined the 5’ splice site. 
Similarities in the sequence of the 5' splice site and the three wild type 
circularisation sites, suggest that the mechanisms involved in their 
recognition may be related.
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I have investigated the effects of mutant ribozymes, that contain an altered PI 
base pairing interaction, on the fidelity of circularisation site recognition 
within the Tetrahymena ribozyme. Cryptic sites, in the 5' exon and the intron, 
were identified by the cloning and sequencing of PCR amplified copies of the 
circle junctions. My results indicate that the secondary structure of the base 
paired substrate RNA is more important in circularisation site recognition 
than the nucleotide sequence flanking the circularisation site.
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5.2. Results and Discussion.
52,1, Aberrant Circle Formation,
Base substitutions within the IGS (G22A, G25A, G23C:A24U and G23U:A24C) 
which disrupt the PI base pairing, two compensatory mutations C_2G:U_ 
3A/G23C:A24U & C^U:G25A which restore the PI pairing of G23C:A24U 
and G25A respectively and a mutation (A2C:A3C) which realigns PI base 
pairing were tested for their effects on the fidelity of circularisation site 
recognition. The PI structures of these mutants are shown in fig. 5.1.
Mutant RNAs were transcribed using SP6 polymerase and [ot-^P] GTP (see 
2.2.31), then electrophoresed on a denaturing 6% polyacrylamide gel to detect 
new circle formation. Figure 5.2 shows the transcription products of the wild 
type (A), G22A (B) and C_2G:U_3A/G23C:A24U (C). New circle products are 
visible in the mutants (lanes B & C), some of which electrophorese more 
slowly than those formed by the wild type, indicating that circle formation 
has occured in the 5* exon. The production of circles at sites in the 5' exon is 
probably a result of the accumulation of 5EI, because of defective 5' splice site 
cleavage of the m utant RNAs. The long PI stem, formed in the 5EI precursor, 
would be more stable than the short hairpin loops cleaved during circle 
formation. This suggests that most circle formation within the 5* end of the 
intron occurs after the 5' exon is lost by splicing, hydrolysis or circularisation 
at the 5' splice site followed by circle re-opening.
5.2.2. The requirement for a G.U base pair a t the C-413 circularisation site.
All group I introns identified so far have a U.G wobble base pair at the 5' 
splice site (Davies et al, 1982; Michel & Dujon, 1983; Cech et al, 1983; Waring 
et al, 1983), and mutations that replace the U.G base pairing at either position
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Figure 5.1.
The Altered PI Base Pairing Interactions of the IGS and 5 ' Exon Sequence Mutants. 
The Watson-Crick base paired interactions in the PI stem of m utants with 
base substitutions in the IGS or the 5' exon sequence are shown. The 
substituted bases are underlined. The intron sequences are in upper case and 
the exon sequences are in lower case.
Figure 5.2.
Transcription Reactions o f IG S M u ta n ts .
Transcription reactions were carried out with 2 pg DNA template in 40 
mM Tris-HCl (pH 7.5), 6 mM M gC ^, 2 mM spermidine, 10 mM DTT, 
100 p g /  ml BSA, 6U SP6 RNA polymerase, 40U RNase inhibitor, 400 
HM each ATP, UTP, CTP, 20 nM GTP and 25 nCi [of32P] GTP. The 
transcription reactions were denatured in an equal volume of 
formamide stop solution at 75°C for 5 m in then electrophoresed on a 
denaturing 6% gel. Lane A: WT RNA; lane B: m utant G22A RNA and 
lane C: G23C:A24U/C-2G:U-3A RNA. The formation of novel circles in 
both the 5' exon and intron sequences is visible in m utants G22A and 
G23C:A24U/C-2G:U-3A. The precursor (P) and the splicing products 
the excised intron (IVS), the ligated exons (5E3E) and the circles are 
labelled.
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result in a decrease in the splicing activity (Been & Cech, 1987). All three of 
the wild type circularisation sites undergo transesterification adjacent to a 
G.U wobble base pair. The mutant G22A was used to determine the 
importance of the G.U wobble base pair at the 5' splice site for C-413 
formation. The m utant G22A has the G.U wobble base pair at the 5' splice 
junction substituted for to an A.U Watson-Crick pairing. cDNA obtained by 
reverse transcription of whole RNA transcription reactions from the mutant 
G22A was amplified in the presence of [a -^ p ] dATP (see 3.2.5). The m utant 
produces the three wild type cDNA products of 127, 113 and 109 bp which 
correspond to C-413, C-399 and C-395 respectively (fig. 5.3.b). In addition an 
extra cDNA product of 131 bp was observed. The 131 bp product corresponds 
to C-413:5E4 circle formation adjacent to a G.U base pair at the 
phosphodiester bond between positions -4 and -5 (fig. 5.4). The recognition 
and cleavage of an alternative G.U wobble base pair may indicate a 
preference of the ribozyme for a G.U at the circle junction. However, the 
circle C-413 is still formed in significant quantities by the m utant G22A, even 
though transesterification in this case occurs adjacent to a A.U base pair. 
These results show that a G.U base pair is essential at the circle junction for 
the fidelity of circularisation, but other features e.g., the position of the site 
and the structure of the PI stem are also involved, since formation of C-413 is 
not abolished in this mutant.
The recognition of the 5' splice site by the ribozyme, during splicing, was 
shown to be dependent on the positioning of the G.U base pair within the PI 
stem (Doudna et al., 1989): splicing only occured when the G.U base pair was 
positioned 4, 5 or 6 bp from the 5’ end of the PI base paired region. The two 
circularisation sites> C-413 and C-413:5E4 in the m utant G22A are in a four 
nucleotide window, indicating that the positioning of the circularisation site 
from the 5' end of PI may be less restricted than that for 5' splice site 
recognition, unless a realignment of PI occurs before C-413:5E4 formation.
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Figure 5.3.
PCR Am plification Products o f IG S M u ta n t R N A s  (I).
Single stranded cDNA of RNA transcription reactions was resuspended in 
10 mM Tris-HCl (pH 7.3), 50 mM KC1,1 mM MgCl2, 50 \iU  dCTP, dGTP, 
dTTPand dATP, 0.2 pM deoxyribonucleotide primers (PCR1 and PCR2) 
with 0.5U Taq polymerase for 25 cycles ( 75 s melting at 95°C, 60 s 
annealing at 50°C and 60 s extension at 72°C). 10 pi aliquots of the PCR 
reactions were denatured in an equal volume of stop solution at 75°C for 
5 min and electrophoresed on a denaturing 8% polyacrylamide gel. The 
amplified products were sized in comparison to a known sequence. The 
tracks are in the order T,G,C,A from left to right. The asterisk shows the 
position of base 127. Lane A: the wild type forms 3 circle products of 127, 
113 and 109 bp. Lane B: G22A produces the 3 wild type fragments and an 
extra product of 131 bp corresponding to C-413:5E4 formation. Lane C: 
G23C:A24U yields the 3 wild type circles and extra products of 135,129 
and 119 bp corresponding to C-413:5E8, C-413:5E2 and C-405 respectively. 
Lane D: the compensatory m utant G23C:A24U/C-2G:U-3A forms the 3 
wild type circles, the 135 and 119 bp product (C-413:5E8 and C-405) but 
not the 129 bp PCR product (C-413:5E2), Lane E: G23U:A24C yields the 
wild type circles (the 127 bp fragment corresponding to C-413 is faint). 
Other circle products are visible at 135 and 129 bp (C-413:5E8 and C- 
413:5E2) bu t no product is seen at 119 bp (C-405).
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Figure 5.4.
Circle Formation in the M u ta n t G22A.
The PI structure of G22A is probably aligned as in the wild type, since the 
substitution of an A.U Watson-Crick base pair for a G.U wobble base pair 
would stabilise this interaction. (1) C-413 formation in the m utant G22A 
occurs at an A.U Watson-Crick base pair, while (2) formation of C-413:5E4 
in G22A occurs at a G.U wobble base pair as in the wild type. Exon 
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However, this would not be anticipated due to the strong Watson-Crick base 
pairing around the 5' splice site.
52.3. Disruption o f the P I pairing a t bases 23 and 24 o f the IGS. 
cDNA encompassing the circle junctions from the mutants G23C:A24U and 
G23U:A24C, which have an altered PI base pairing between G23 and C_2 and 
between A24 and U_3 and cDNA from the compensatory m utant 
(G23C:A24U/C_2G:U_3A), which has an altered PI base pairing were 
amplified in the presence of [a -^P ] dATP. The amplified products were 
electrophoresed on a denaturing 8% polyacrylamide gel (fig. 5.3 c,d,e). 
G23C:A24U and G23U:A24C form the three wild type products of 127, 113 
and 109 bp corresponding to C-413, C-399 and C-395 formation. In addition 
two extra products of 135 and 129 bp are observed which suggest circle 
formation within the 5' exon.
The 129 bp fragment has not been sequenced but probably represents C- 
413:5E2 formation at the phosphodiester bond between bases C_2 and U_3 . 
The 135 bp fragment has been sequenced and arises from circularisation 
between bases -8 and -9 of the 5' exon forming C-413:5E8. The compensatory 
mutation G23C:A24U/C_2G:U_3A eliminates the 129 bp cDNA product 
corresponding to C-413:5E2, but C-413:5E8 formation is unaffected as shown 
by the presence of the 135 bp cDNA product. This implies that the circle C- 
413:5E2, corresponding to the 129 bp cDNA product, probably forms after a 
realignment of PI, which would not occur in the compensatory m utant (fig.
5.5.b). The PI base pairing can easily be realigned, placing a G.U wobble base 
pair at the site of circle formation, upstream from a tripyrimidine tract similar 
to the circularisation sites used by the wild type.
62
rigure
Circle Formation in M u ta n ts  G23C:A24U. G23U:A24C and G23C:A24U/C-
2G:U-3A.
A: C-413:5E8 is formed by G23QA24U, G23U:A24C and G23C:A24U/C- 
2G:U-3A RNAs. Step 1 proposes a realignment of PI before C-413:5E8 
circle formation, while step 2 depicts circle formation. B: C-413:5E2 is 
produced in m utants G23C:A24U and G23U:A24C. Step 3 shows a 
proposed realignment of PI before C-413:5E2 formation, while step 4 
depicts circle formation. C: C-405 is formed in m utants G23C:A24U/C- 
2G:U-3A and G23C:A24U. A proposed interaction between the IGS and 
the circularisation site is shown. Exon sequences are in lower case 
lettering and intron sequences are in upper case. Substituted bases are 
underlined.
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The 135 bp cDNA product, corresponding to C-413:5E8 circle formation, is 
present in all three mutants (G23GA24U, G23U:A24C & G23C:A24U/C_ 
2G:U_3A). A possible realigned structure, with base pairing between 
nucleotides -7 to -12 of the 5' exon and the IGS at bases 24 to 29 may explain 
its formation (fig. 5.5a). This structure would be cleaved upstream from a 
tripyrimidine tract at a C.G Watson-Crick base pair. Other structures, 
containing a wobble base pair at the circularisation site, cannot be draw n 
without disrupting the P2 stem loop. C-413:5E8 is not formed by the wild 
type intron even though the proposed interaction could occur. Therefore, the 
mutations at bases 23 and 24 may produce an altered secondary a n d /o r 
tertiary structure, not present in the wild type, allowing the proposed 
interaction. The compensatory mutant, G23C:A24U/C_2G:U_3A, whose PI 
stem contains the exact number of Watson-Crick base pairs as the wild type, 
does not totally restore the fidelity of the circularisation reaction. This 
indicates that the nucleotide sequence and hence the structure of PI are 
involved in circularisation site recognition.
Another extra cDNA product of 119 bp is seen after PCR amplification of 
cDNA from mutants G23C:A24U and C_2G:U_3A/G23C:A24U. The circle 
junction was identified by cloning of the cDNA product and sequence 
analysis and it corresponds to circle formation between bases 9 and 10 of the 
intron, forming C-405. The formation of a hairpin loop not found in the wild 
type may lead to the appearance of this cryptic circularisation site. A 
proposed stem loop structure, where the altered bases 23C and 24U base pair 
to G7 and A6 respectively, is drawn in fig. 5.5c. There is no formation of C- 
405 in the m utant G23U:A24A which can not base pair to form the proposed 
interaction. In these two mutants, the ability of the RNA to form a new 
Watson-Crick hairpin loop has resulted in the recognition of a new 
circularisation site. The new site is not situated upstream  from a
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tripyrimidine tract, nor does cleavage occur adjacent to a G.U wobble base 
pair. This site must therefore be recognised because of its secondary structure 
and not its primary sequence.
52  A. The position o f a circularisation site in the P I stem .
The mutation A2GA3C, which disrupts the PI base pairing between, A2 and 
U21, and A3 and U20, may realign to form an alternative, more stable, PI 
structure (fig. 5.7a). cDNA derived from total transcription RNA from 
A2C:A3C was amplified in the presence of [a -^ P ] dATP (fig. 5.6a). Two 
cDNA fragments of 129 bp and 124 bp are formed, however the 127 bp 
fragment corresponding to the formation of C-413 is not present. In addition, 
only two faint bands corresponding to C-399 and C-395 circle formation are 
observed. The 129 bp has not been checked by sequence analysis, but is 
thought to correspond to C-413:5E2 circle formation between bases -2 and -3 
of the 5' exon. The 124 bp fragment was cloned then sequenced and 
corresponds to C-410 circle formation between bases 4 and 5 of the intron. 
The formation of these two circles, one on either side of the site of C-413 
formation suggest that the PI base pairing has realigned in this mutant. The 
circle C-413:5E2, which corresponds to the 129 bp cDNA, is cleaved 
downstream from a tripyrimidine tract after a U.G base pair as in normal 
wild type circularisation. However the circle C-410, which corresponds to the 
124 bp cDNA, is cleaved downstream from the sequence -CCA adjacent to an
A.U base pair unlike wild type circle formation (fig. 5.6.b,c).
The m utant A2GA3C, does not circularise at the 5' splice site to form the wild 
type circle C-413. This suggests that the 5' splice site is excluded from, and 
therefore not recognised by the catalytic centre of the ribozyme due to a 
conformational change in PI. These results show that circle formation at the 5' 
splice site is dependant on the position of the phosphodiester bond cleaved
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Figure 5.6.
PCR Amplification Products of the IGS M utant R N A s (II)
Single stranded cDNA of RNA transcription reactions, was resuspended 
in 10 mM Tris-HCl (pH 7.3), 50 mM KC1, 1 mM MgCl2, 50 \iM  dCTP, 
dGTP, dTTP and dATP, 0.2 |iM deoxyribonucleotide primers (PCR1 and 
PCR2) with 0.5U Taq polymerase for 25 cycles ( 75 s melting at 95°C, 60 s 
annealing at 50°C and 60 s extension at 72°C). 10 \i\ aliquots of the PCR 
reactions were denatured in an equal volume of formamide stop solution 
at 75°C for 5 min and electrophoresed on a denaturing 8% polyacrylamide 
gel. The amplified products were sized in comparison to a known 
sequence. The tracks are in the order T,G,C,A from left to right. The 
asterisk shows the position of base 127. Lane A: the m utant A2C:A3C does 
not produce the wild type circles, but gives two fragments of 129 and 124 
bp corresponding to C-413:5E2 and C-410 circle formation. Lane B: the 
wild type forms 3 circle products of 127,113 and 109 bp.
Lane C: G25A produces the 3 wild type fragments and an extra product of 
107 bp corresponding to C-393 circle formation. Lane D: C_4U:G25A 
shows the same PCR pattern as G25A (lane C). Lane E: refers to the 
m utant G212C (Ch. 6.).
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Figure 5.7.
Circle Formation in the M utant A2Q A3C.
A: Shows a proposed realignment of the PI structure in which the 
m utated bases at positions 2 and 3 base pair with bases 22 and 23 of the 
IGS. B: Shows the formation of C-413:5E2. C: C-410 circle formation. The 
exon sequences are shown in upper case lettering and the intron 
sequences in lower case. The substituted bases are underlined.
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during circle formation and the structure of PI but not on the presence of a 
tripyrimidine tract.
52.5. Substitution o fa n A .U  base pair a t the C-395 circularisation site.
G25A and the compensatory m utant C_4U:G25A contain an A.U base pair at 
the C-395 circularisation site instead of a G.U base pair. cDNA derived from 
total transcription RNA from the mutants G25A and C_4U:G25A was 
amplified using [a-^^P] dATP and electrophoresed on a denaturing 
polyacrylamide gel (fig. 5.5.c,d). These mutants produce a 107 bp fragment 
which corresponds to circle formation between bases 21 and 22 of the intron 
producing C-393. The formation of this circle was first noted in mutants 
which contained defective C-395 circularisation sites (Been & Cech, 1985) and 
in mutants with 3' terminal deletions (Joyce and Inoue, 1987). To account for 
C-393 formation, two possible hairpin loop structures are shown in fig. 5.&, 
both of which are cleaved after a G.U base pair. It can be concluded, 
therefore, that a G.U wobble base pair is needed for the accurate recognition 
of the C-395 circularisation site.
52.6. Recognition o f P I during C-413 Formation.
The accumulated results presented here indicate that the structure and the 
sequence of the PI stem are important for recognition of the 5' splice site 
during C-413 formation and that the G.U wobble base at the 5' splice site is 
needed for fidelity of the circularisation reaction. The disruption of the PI 
stem causes the recognition of cryptic circularisation sites. Circularisation has 
been shown to occur after a tripyrimidine tract in many examples, but not 
necessarily adjacent to a G.U wobble base pair. Recognition of the 5' splice 
site during splicing has been shown to require similar structural features 
(Doudna et ah, 1989).
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Figure 5.8.
Formation of C-393 by G25A and C-4U:G25A RNA.
The substitution of an A.U base pair at the C-395 circularisation site, in 
mutants G25A and C-4U:G25A, results in formation of a new circle C-393. 
Two possible alignments with the IGS are shown that could account for its 
formation.
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5.2.7. The requirements for circularisation w ithin the 5 f intron sequence,
A G.U base pair at the C-395 circularisation site is essential for the fidelity of 
circle formation. The ability of the intron to form a Watson-Crick base paired 
hairpin structure for circularisation is important. However the presence of a 
tripyrimidine tract 5f to the circularisation site and the existence of a G.U 
wobble at the circle junction are not essential for circularisation. Therefore, 
the recognition of a circularisation site is dependent on the secondary 
structure of the hairpin loop formed during circle formation and its position 
within the hairpin, rather than its sequence.
53,3* Exon Circle Formation,
Purified precursor RNA from the mutant G23QA24U was shown to form a 
circle consisting of the downstream exon, resulting in the release of 5EI 
precursor RNA (Waring et ah, 1986). A sequence at the 3' end of the 3' intron 
is proposed to interact with the IGS forming a PI structure that is recognised 
by the intron in a guanosine independent reaction (fig. 5.8). Because every 
reaction known to be catalysed by the Tetrahymena intron requires the binding 
of an external or internal guanosine residue to the guanosine binding site, it is 
probable that exon circle formation requires the binding of an internal 
guanosine residue.
A double mutation, (G23C:A24U:G264C), combining the guanosine binding 
site m utant G264C (see Ch.6.) and the IGS m utant G23GA24U, was created to 
investigate the role (if any) of the guanosine binding site in the formation of 
the exon circle. Precursor RNA from the wild type, G23C:A24U and 
G23C:A24U:G264C was transcribed with [a -^ P ] GTP (section 2.2.31), and the 
products were seperated on a denaturing 6% polyacrylamide gel (fig. 5.9). 
RNA from the m utant G23C:A24U:G264C shows no splicing activity. The 3' 
exon circle (designated by an asterix) is formed only by G23C:A24U RNA.
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Figure 5.9.
Exon Circle Formation in G23C:A24U.
1: The 3' terminus of the 3' exon is complementary to the altered IGS sequence 
in the mutants G23C:A24U and G23C:A24U/C-2G:U-3A. The 3' term inus and 
the IGS are proposed to base pair forming an alternative PI structure. 2: The 
free hydroxyl of the terminal nucleotide of the 3' exon, acts as the nucleophile 
in a transesterification reaction with the 3’ splice site. This results in a circle 
containing the 3’ exon and a molecule containing the 5' exon and the intron 









The Role of the Guanosine Binding Site in Exon Circle Formation.
Transcription reactions were carried out with 2 \lg DNA template in 40 
mM Tris-HCl (pH 7.5), 6 mM M gC^, 2 mM spermidine, 10 mM DTT, 100 
|ig /  ml BSA, 6U SP6 RNA polymerase, 40U RNase inhibitor, 400 [iM each 
ATP, U IP , CTP, 20 |iM GTP and 25 pCi [a"^P ] GTP. The transcription 
reactions were denatured in an equal volume of formamide stop solution 
at 75°C for 5 min and electrophoresed on a denaturing 6% polyacrylamide 
gel. Lane A: WT RNA; lane B: C23G:A24U:G264C shows faint traces of the 
exon circle and 5EI products, lane C: C23G:A24U produces large amounts 
of exon circle and 5EI. The exon circle is indicated by an asterisk. The 
precursor (pre), the precursor minus the 3' exon (5EI) and the excised 
intron (IVS) are labelled.

The double mutant G23C:A24U:G264C produces a build up of precursor 
RNA but no exon circle is formed. Because the exon circle is formed from 
unspliced precursor RNA molecules, these results show that the guanosine 
binding site must play a role in its formation. The m utant G23U:A24C which 
has the sequence GGGCUG does not form the exon circle (results not shown) 
and neither does the wild type GGGAGG.
The 3' terminal guanosine binds to the guanosine binding site during the 
second step of splicing, allowing accurate recognition of the 3' splice site 
(Been and Perrotta, 1991). Because exon circle formation also involves the 
cleavage of the 3' splice site, it is likely that G414 is the internal guanosine 
bound to the guanosine binding site during the reaction, i.e., the 3' terminal 
nucleotide of the 3' exon attacks the 3' splice site in a phosphodiester transfer 
reaction resembling exon ligation, releasing 5EI and ligating the ends of the 3' 
exon to form a circle.
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6. THE GUANOSINE BINDING SITE.
6.1 Introduction.
All of the reactions catalysed by the Tetrahymena ribozyme involve either a 
free or an internal guanosine residue as one of the reactants. The first step of 
the splicing reaction involves nucleophilic attack at the 5' splice site by free 
guanosine, releasing the 5' exon. Other reactions of the intron require the 
presence of an encoded guanosine, for example the second step of splicing 
involves recognition of the 3' terminal guanosine for efficient 
transesterification. This site is also recognised by the intron during 3' splice 
site hydrolysis and circularisation.
The first evidence for the existence of a guanosine binding site on the 
Tetrahymena pre-rRNA was presented by Bass & Cech (1984) who observed 
that the splicing reaction reached a limiting velocity as the guanosine 
concentration in the reaction was increased. The specificity of the pre-rRNA 
for guanosine in the splicing reaction was tested using analogues of 
guanosine (Bass & Cech, 1984, 1986) and other nucleotides. Guanosine 
analogues modified at the 2' and 3' hydroxyl groups of the ribose sugar were 
ineffective; as was guanine. Substitutions at the 5' hydroxyl of guanosine did 
not prevent activity. Modification of the six membered ring resulted in a 
decreased rate of splicing (fig. 6.1). These results suggested that the three 
functional groups on the molecule (06, N1 and C2), in addition to the 2' and 
3' hydroxyl groups were absolutely required for efficient splicing.
The presence of two guanosine binding sites was first proposed by Tanner & 
Cech (1987): based on experiments where the terminal nucleotide (G414) was 
inactivated by oxidation and (3-elimination. The IVS was now unable to
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Figure 6.1.
Specificity of the Tetrahymena Intron for Guanosine.
Splicing activity of guanosine analogues (Bass & Cech, 1984). The 
analogues fall into three catergories: (1) those that do not promote IVS 
excision designated (-); (2) those that do promote IVS excision, but at a 
higher concentration than guanosine designated (+); and (3) those that are 
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circularise and allowed free guanosine addition at what would be the C-395 
circularisation site. The addition reaction was enhanced by substitution of an 
octaribonucleotide for guanosine, which corresponds to the sequence at the 3' 
end of the intron. These results led them to believe that the guanosine 
binding site used during guanosine addition at the circularisation site was 
similar to but not necessarily identical to that used in splicing.
The Tetrahymena intron can catalyse a transesterification reaction between 
guanosine and the dinucleotide substrate GpN (where N  is A, C, G or U). The 
reaction is termed G exchange and is represented by the equation below:
Goh + CU . N CUOH + G . N 
An investigation of this reaction (Kay et al, 1988) showed that it was specific 
to guanosine residues, one as the nucleophile and the other as a nucleotide 
preceeding an electrophilic phosphodiester bond. Their kinetic studies 
provided further evidence for the existence of two guanosine binding sites.
Michel & coworkers (1989) produced a model for guanosine binding based on 
mutational analysis of two invariably conserved nucleotides which were 
predicted to be in close proximity to P9.0. They proposed a triple base pair 
between G264 and C311 (part of the highly conserved stem P7) and 
guanosine (fig. 6.2). The m utant G264A:C311U, was inactive with guanosine 
but splices in the presence of 2-aminopurine which binds to a site formed 
between A264 and U311. Circularisation of G264A:C311U was also shown to 
be inhibited by 2-aminopurine, but not by guanosine, suggesting the presence 
of a unique guanosine binding site.
Further evidence for the presence of a single binding site used in both steps of 
the splicing reaction was provided by Been and Perrotta (1991). They 
produced the mutant, G264GC311G, which was deficient in splicing, but, in
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Figure 6.2.
The Triple Base Model of the Guanosine Binding Site.
The proposed binding of G264:C311 to guanosine and G264A:C311U to 2- 
aminopurine in the triple base pair model of the guanosine binding site 
(Michel et al., 1989) is shown. Splicing of the wild type (G264:C311) can be 
inhibited by arginine, while splicing of the mutant G264A:C311U by 2- 
aminopurine is inhibited by citrulline. The triple base pair model 
accommodates two of the three Watson-Crick base pairs proposed for 
guanosine binding by the experiments of Bass and Cech (1984).
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the presence of adenosine, 5' splice site cleavage was enhanced. A further 
m utant G264C:C311G:G414A, in which the 3' terminal nucleotide is 
adenosine, restored splicing activity in the presence of adenosine. A second 
guanosine binding site may still exist that is not required in the splicing 
reaction, but is used in the G exchange mechanism, or alternately there may 
be two overlapping sites that both utilise G264.
An alternative model (Yarns et al.f 1991a) for the positioning of guanosine in 
its binding site was proposed in addition to Michel's triple base pair (fig. 6.3) 
and involves the hydrogen bonding of guanosine to A263, G264 and A265. 
This axial model requires a hydrogen bond to form at position 0 6  on the 
guanosine as was suggested by the results of Bass & Cech (1984) but was not 
incorporated in the model proposed by Michel and coworkers. A further, 
more complex axial in model (fig. 6.4) of the guanosine binding site has been 
proposed in which an unusually flexible binding pocket is formed by the 
extrusion of the conserved base A263 from the P7 stem as guanosine binds 
(Yarns et al., 1991).
To investigate the effect of base substitutions at the guanosine binding site all 
sixteen possible nucleotide combinations were made at bases 264 and 311. My 
special interest was to determine the ability of these mutants to undergo 
splicing and circularisation, and to investigate their effects on circularisation 
site recognition. A further mutant, G212C, which was known to contribute to 
the tertiary structure of the ribozyme was also available. This was 
investigated to identify its role in circularisation and circularisation site 
recognition. Nucleotides that result in a loss of fidelity for circularisation site 
recognition, probably play an important role in binding the hairpin loop 
during circle formation. To further characterise the guanosine binding site the 
sixteen m utants were screened for splicing activity with guanosine analogues.
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Figure 6.3.
Two Proposed Axial Alignments of Guanosine in the Guanosine Binding Site. 
Two models of an axial guanosine binding site were proposed by Yarus 
and coworkers (1991). The shaded atoms are the sites of proposed 
hydrogen bonding with the incoming guanosine. (a) the axial I model is 
based on an A type RNA helix, (b) the axial n  model has been allowed to 
depart from the A helix parameters, while still within the range of 
backbone angles for tRNA. Both models include hydrogen bonding to 
bases A263, G264 and A265 and contain the three Watson-Crick base pairs 








The Axial III Model of the Guanosine Binding Site.
The axial III site is drawn as two layers (Yarns et al., 1991b) and is based 
on the axial II model (Yams et al., 1991a). (a) Shows the A263=G312=C262 
base triplet viewed from the approximate axis of the proposed site, (b) 
shows the contacts with the guanosine substrate at a level just below that 
depicted in (a). All of the hydrogen bonds predicted to bind guanosine to 
the RNA in the work of Bass and Cech (1984) are accounted for by this 
model.
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6.2. Materials and Methods.
62,1. Nucleotide Substitutions at positions 264 and 311.
All of the sixteen possible nucleotide combinations at positions 264 and 311 
were created using PCR mutagenesis (see 2.2.26). Position 264 was m utated to 
A, C or U (double underlined) using a redundant oligonucleotide containing 
a unique BgUI site (underlined) rS'-GTCAACAGATCTTCTGTTGATATGG 
ATGCAGTTCACA(A \C \T )ACTAAATG-3'] together with the M13 reverse 
sequencing primer (5-CAGGAAACAGCTATGAC-3'). The 210 bp fragment 
was digested with Hindlll and BgUI and ligated into the pSP65.LSU 
Hindlll/BgUI digested vector. Plasmid DNA from transformed colonies was 
prepared using Qiagen columns and sequenced to identify the mutants.
C311 was mutated to A, G and U (double underlined) using a redundant 
oligonucleotide with a unique Nhel restriction site (underlined) 
r5,CATCCGCTAGCTCCCATTAAGGAGAGGTCC(A \T \C )ACTATATCTTA 
T-3'] and a primer to the SP6 promoter sequence
(5'ACCTTATGTATCATACACAT-3'). The 360 bp fragment was digested with 
Nhel and EcoRI and ligated into Bluescript plasmid containing the wild type 
intron (pBS.LSU) cut with Nhel/EcoRl vector, since the pSP65 vector contains 
an internal Nhel site. The three mutants ( C311A, C311G and C311U ) were 
identified by sequence analysis. Plasmid DNA from each of the m utants was 
digested with Hindlll and EcoRI and the intron encoding fragment was gel 
purified and ligated into pSP65 Hindlll/EcoRI vector.
For the double mutations, three PCR reactions were set up  with mutants 
C311A, C311G and C311U as the template DNA's. Each reaction was 
amplified with the M13 reverse sequencing primer and the redundant
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oligonucleotide used for introducing substitutions at position G264. The PCR 
products were digested with Hindlll and BgUI and ligated into HindHI/Bglll 
pSP65.LSU vector. The colonies were identified as the double mutants 
(G264A:C311A, G264A:C311G, G264A:C311U, G264GC311A, G264GC311G, 
G264GC311U, G264U:C311A, G264U:C311G and G264U:C311U ) by double 
stranded sequencing. When describing the mutants, for simplicity they are 
referred to as the two substituted nucleotide positions, i.e., AU is 
G264A:C311U whereas CA is G264GC311A.
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6.3. Results and Discussion.
63.1. RNA preparation o f the 264:311 m utant series.
The RNA was transcribed with 0.4 mM each ATP, GTP, UTP, 0.02 mM CTP 
and 10 [iCi of [a -^ P ] CTP (specific activity 800 Ci/m m ol, New England 
Nuclear Corp.) to encourage a high level of splicing (fig. 6.5). Any base 
substitution to either position 264 or 311 (lanes 1-15) decreases splicing 
activity as compared to the wild type (lane 16). In the presence of 0.4 mM 
GTP, the mutants containing single base substitutions at position 264 (Lanes 
1-3) resulted in only a residual release of IVS and circle formation is not 
apparent. Base substitutions at position C311 (Lanes 4-6) produce excised and 
circularised IVS with both ligated and unligated exons and a high percentage 
of aberrant splicing products. The aberrant products (104, 110, 128 and 134 
bases) were sized by denaturing polyacrylamide gel electrophoresis of the 
RNA transcription products with a known DNA sequencing ladder. The 
aberrant splicing products are produced by the recognition of a cryptic 3' 
splice site, 104 bases downstream from the normal 3' splice site. Hydrolysis of 
the cryptic 3' splice site results in the release of a 110 base product, while 
hydrolysis at the 3' splice site followed by hydrolysis at the cryptic site 
releases the 104 nucleotide fragment. Exon ligation can occur with either of 
the 3’ splice sites, resulting in products of 134 or 128 bases (Suh & Waring, 
1990).
Base substitutions at positions 264 and 311 each show different splicing 
characteristics. Mutation of G264 prevents the splicing reaction whereas 
m utation of C311 results in increased cleavage of a cryptic 3' splice site and a 
higher level of overall splicing activity. These findings agree with the model 
of Michel & coworkers (1989) and those of Yarns & coworkers (1991a) in 
which the guanosine moiety interacts directly with G264 and only indirectly
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Figure 6.5.
G264:C311 M utant RN A  Splicing Activity.
The RNA was transcribed in 40 mM Tris-HCl (pH 7.5), 6 mM M gC^, 2 
mM spermidine, 10 mM DTT, 100 p g / ml BSA, 6U SP6 RNA polymerase, 
40U RNase inhibitor, 0.4 mM ATP, GTP, UTP, 0.02 mM CTP and 10 pCi 
[a“32P] CTP and 2 pg DNA template. The transcription reactions were 
denatured in an equal volume of formamide stop solution at 75°C for 5 
min and electrophoresed on a denaturing 6% gel. Lanes 1-3: single 
mutations at G264, AC, CC and UC respectively; Lanes 4-6 single 
mutations at C311, GA, GG and GU respectively; lanes 7-15: show the 
double base substitutions at G264 and C311, AA, CA, UA, AG, CG, UG, 
UU, CU, AU; lane 16: the wild type (GC). The precursor (P), the excised 
intron (IVS), the ligated exons (E1E2) and the 3' exon (E2) are labelled.

with C311. The inaccurate splicing of the mutants with base substitutions at 
C311 suggest its involvement in the recognition of the 3' splice site. The 
identity of the bases at both of these positions is important for accurate and 
efficient splicing. The double m utants A A, CA, UA, AG and AU (lanes 7-10 & 
15) have a low level of accurate splicing with the release of intron and ligated 
exons; a small amount of circular products are also visible on the gel. The 
double mutants CG, UG, UU and CU (lanes 11-14 respectively) have no 
splicing activity, however UG produces a large amount of slow migrating 
products which may be circular.
The identities of the two bases at positions 264 and 311 are important for 
efficient splicing. Some of these mutants have the potential to form 
alternative Watson-Crick interactions, for example, mutants CG, AU and UA. 
In addition other nucleotide pairs could also form a stable interaction, for 
example, a Hoogsteen base pair in mutant AA. However no combination is 
able to restore the splicing activity to that seen in the wild type. This could be 
due to either a disruption of the binding site structure by any base 
substitution or through a change from the most efficient geometry of the site.
63.2. A ctiv ity  of Guanosine analogues in splicing.
Five analogues of guanosine [1-methylguanosine, 1-aminoguanosine, 8- 
aminoguanosine, and 8-(benzylthio) guanosine (fig. 6.6)] were tested for 
splicing activity with the sixteen guanosine binding site mutants. The 
precursor RNA was transcribed as in section 6.3.1 for 30 min, extracted with 
phenol then chloroform and divided into six aliquots. GTP or an analogue 
was added to a final concentration of 2 mM and the reactions incubated for a 
further 30 min at 37°C. The reaction products were extracted with phenol 
then chloroform and electrophoresed on a denaturing 6% polyacrylamide gel. 
The results from m utant G264C are shown in fig. 6.7, none of the other
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Figure 6.6.
Guanosine Analogues in G264:C311 M utant RN A  Splicing.
Five guanosine analogues, 1-methylguanosine, 1-aminoguanosine, 8- 
aminoguanosine, 8-(benzylthio) guanosine and N^-(4-Butylphenyl) 
guanosine were tested with the fifteen G264:C311 guanosine binding site 
m utants to see if they could restore splicing activity. N^-(4-Butylphenyl) 
guanosine however is only soluble in 100% DMSO and precipitates out of 
solution when added to the splicing reaction. The guanosine analogues 
were obtained from the Wellcome Foundation.
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Figure 6.7.
Splicing of G264C:C311 with Guanosine Analogues.
RNA from the m utant G264C was transcribed in 40 mM Tris-HCl (pH 7.5), 
6 mM M gC^, 2 mM spermidine, 10 mM DTT, 100 fig/ ml BSA, 6U SP6 
RNA polymerase, 40U RNase inhibitor, 0.4 mM ATP, GTP, UTP, 0.02 mM 
CTP and 10 fiCi [ a '^ P ]  CTP and 2 jig DNA template for 30 min at 37°C. 
The reaction was split into 6 aliquots and incubated at 37°C for 30 min 
with 2 mM of either guanosine or a guanosine analogue. The transcription 
reactions were denatured in an equal volume of formamide stop solution 
at 75°C for 5 min and electrophoresed on a denaturing 6% gel. Lane A: 8- 
(benzylthio) guanosine; lane B: 1-methylguanosine (results in an increased 
release of the IVS and the 3' exon); Lane C: N^-(4-Butylphenyl) guanosine; 
Lane D: 8-aminoguanosine; Lane E: 1-ami noguano sine; and Lane F: GTP. 
The precursor (Pre), the excised intron (IVS), the ligated exons (E1E2) and 
the 3' exon (E2) are labelled.
A  B  C  D  E  F
mutants showed any change in activity due to the analogues and are not 
presented. Only 1-methylguanosine (Lane B) had any effect, producing an 
increase in the release of IVS and downstream exon. To investigate the 
activity of 1-methylguanosine, gel purified precursor RNA from G264C was 
prepared as in section 2.2.32. The precursor was incubated in 100 mM 
(NH4 )2S0 4 , 15 mM MgCl2, 30 mM Tris-HCl pH  7.5 with 2 mM GTP or 1- 
methylguanosine at 37°C and 4 |il aliquots were removed into an equal 
volume of formamide stop solution at timed intervals. The samples were 
electrophoresed on a denaturing 6% polyacrylamide gel. Autoradiographs of 
the gels were scanned using an image analyser and the percentage of IVS 
released was plotted against time (fig. 6.8).
The m utant G264C produces no detectable splicing activity with GTP, 
however a substantial amount of excised IVS is observed with 1- 
methylguanosine. The 1-methylguanosine appears to restore the first step of 
the splicing reaction in the m utant RNA, but ligated exons are not observed. 
However exon ligation would not be expected, since the 3' terminal 
guanosine should no longer be able to bind at the guanosine binding site in 
this mutant. If 1-methylguanosine could be substituted as the 3' terminal 
nucleotide of the intron then normal splicing should be restored. The lack of 
splicing with guanosine is most probably due to either poor binding or the 
incorrect orientation of the guanosine nucleotide in the CC RNA binding site. 
1-methylguanosine has been shown to substitute for guanosine in the splicing 
of the wild type intron, but is less efficient (Bass & Cech, 1984). In this mutant 
however the 1-methylguanosine is active in the splicing reaction while GTP is 
not. The altered nucleotide specificity most probably reflects a change in the 
geometry of the guanosine binding site in this mutant.
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Figure 6.8.
Splicing of G264C RNA with 1-Methylguanosine.
Gel purified precursor RNA from the mutant G264C was incubated with 
100 mM ( N H ^ S O ^ 15 mM MgCl2, 30 mM Tris-HCl pH 7.5 and 2 mM 1- 
methylguanosine at 37°C. Aliquots (4 |il) were removed in to an equal 
volume of formamide stop solution at various time intervals and 
denatured at 75°C for 5 min prior to electrophoresis on a denaturing 6% 
polyacrylamide gel. The autoradiograph was scanned using an image 
analyser, and the % of intron released was plotted against time. The 









The triple base model of Michel and coworkers can readily explain the 
decrease in wild type splicing activity with 1-methylguanosine. The 1- 
methylguanosine analogue has a methyl group at position N1 which prevents 
hydrogen bonding between the analogue at this position and the guanosine 
binding site. The m utant G264C has two pyrimidine residues at positions 264 
and 311, which could form a Hoogsteen base pairing interaction maintaining 
the base paired stem structure. However the triple base model can not 
account for the splicing activity of this m utant with 1-methylguanosine 
because there are no possible hydrogen bonds formed between 1- 
methylguanosine and the major groove of P7 in G264C RNA (fig. 6.9). 
Therefore, this model for guanosine binding does not fit my results and the 
actual guanosine binding site is probably more complex, but still appears to 
incorporate G264.
Bases A263, C264, A265, U310, C311 and U312 were modelled using Insight 
6.0 molecular modelling software to produce a proposed structure for the P7 
stem of the m utant G264C. The RNA helix was based on the crystallographic 
coordinates of an A type helix containing a C.U Hoogsteen base pair 
(Holbrook et ah, 1991). The incoming guanosine or 1-methylguanosine can be 
aligned in the major groove of P7 forming three hydrogen bonds at bases 
C264, C311 and to the phosphate backbone 5' of C264 (fig. 6.10 & 6.11). This 
model is referred to as axial CC model. In the axial model suggested by Yarns 
(fig. 6.3) the incoming guanosine is bound through hydrogen bonds to A263, 
G264 and A265 with no bonds proposed to occur with residues U310, C311 or 
U312. In the axial CC model no hydrogen bonding can be formed between 
either guanosine or 1- methylguanosine and A263. This model proposes 
hydrogen bonding between the phosphate backbone 5' of C264 and position 1 
of guanosine, and two hydrogen bonds between the oxygen at position 6 of 
the guanosine and N6 of A264 and N6 of C311. The difference in the splicing
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Figure 6.9.
Binding of 1-Methylguanosine to G264C RNA.
The triple base pairing model of the guanosine binding site at positions 
G264 and C311 was tested by substituting with G264C:C311 and 1- 
methylguanosine. Hydrogen bonds can not be drawn between G264C and 





Interaction of Guanosine with G264C RNA.
The RNA backbone was modelled using the coordinates of a RNA helix 
containing non-standard base pairs. The C.C base pairing was modelled 
on the crystal data from a U.C base pair which is also a pyrimidine - 
pyrimidine interaction (Holbrook et ah, 1991).
The interaction between guanosine and the G264GC311 RNA backbone 
was modelled using the Insight 6.0 molecular modelling software. 
Hydrogen atoms are omitted, carbon atoms are green, oxygen atoms are 
red, nitrogen atoms are blue and phosphorous atoms are purple. The 
broken green lines represent possible hydrogen bonds (2-3 A), and the red 
cross represents a water molecule. The broken purple line shows an 
unfavourable clash between the hydrogen at position 1 of the guanosine 
and the N H 2  group of C264 which would explain the poor splicing of this 
mutant. In this model hydrogen bonding between guanosine and residue 
A263 is not possible. However hydrogen bonds from the NH 2 group of 
guanosine at position two to the phosphate backbone 5' of C264 and from 




Interaction of l-M ethvlguanosine with G264C RNA.
The RNA backbone was modelled using the coordinates of a RNA helix 
containing non-standard base pairs. The C.C base pairing was modelled 
on the crystal data from a U.C base pair as before (Holbrook et a i, 1991). 
The interaction between 1-methylguanosine and the G264QC311 RNA 
backbone was modelled using the Insight 6.0 molecular modelling 
software. Hydrogen atoms are omitted, carbon atoms are shown in green, 
oxygen atoms in red, nitrogen atoms in blue and phosphorous atoms are 
in purple. The broken green lines represent possible hydrogen bonds (2-3 
A in length), and the red cross represents a water molecule. The broken 
purple line shows a favourable clash between the methyl group at 
position 1 of the guanosine and the N H 2  group of C264 which would 
explain the restoration of splicing with 1-methylguanosine in this mutant.
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activity of G264C with 1-methylguanosine and guanosine can be explained 
using the axial CC model. A steric clash between the electropositive hydrogen 
at position 1 of guanosine and the electropositive amino group at position 6 
of C264 could disrupt the binding of guanosine to the RNA (fig. 6.10). 1- 
methylguanosine, on the other hand has an electronegative methyl group at 
position 1 which would interact more favourably with the amino group of 
C264 (fig. 6.11). The axial model of Yarus and coworkers (1991a) has 
identified positions 264 and 265 as interacting specifically with the incoming 
guanosine. However in the altered P7 helix of the m utant G264C hydrogen 
bonding can occur at C311 which does not appear to be the case in the wild 
type. The introduction of a further more complex axial III model (fig. 6.4) of 
the guanosine binding site in which A263 idoes not interact with the 
incoming guanosine (Yarus et al., 1991b) fits my observation that A263 is not 
involved in guanosine binding. However U265 is involved in guanosine 
binding in the axial CC model but not in that of Yarus and coworkers (1991). 
The involvement of a non-Watson-Crick base pairing in the P7 stem of the 
m utant G264C would significantly alter the guanosine binding site from that 
of the wild type, therefore accounting for the differences in between the axial 
CC and axial III models.
63.3, Circle formation in Guanosine binding site m utant RNAs.
Mutations to bases that interact with the stem loop structures formed at the 
IGS during circle formation could be anticipated to cause a loss in the fidelity 
of the drcularisation reaction. Therefore, the loss or appearance of 
drcularisation sites may point to structures important in drcularisation site 
recognition. The cDNAs arising from RNA circle products were amplified 
using [a-32P] dATP after reverse transcription of total RNA synthesis 
reactions to identify the sites of circle formation. The wild type produces
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cDNA products of 127,113 and 109 bp corresponding to the circles C-413, C- 
399 and C-395 respectively.
The results from single base substitutions to G264 give amplified cDNA 
products of 127 and 113 bp corresponding to C-413 and C-399 respectively. 
However with these mutations the product of 109 bp, found in the wild type, 
corresponding to C-395 is not present (fig. 6.12 lanes 1-3). In addition the 
m utant G264U (lane 3) leads to the formation of an extra cDNA product of 
107 bp which corresponds to circle formation at the phosphodiester between 
bases 21 and 22 of the intron (C-393).
Single base substitutions at C311 also affect circularisation site recognition. 
Both of the mutants C311A and C311G (lanes 4 & 5) produce cDNAs of 127, 
113 and 109 bp corresponding to the three wild type circles. In addition two 
extra cDNA products of 107 and 105 bp are formed which suggest circle 
formation between bases 21 and 22 and between bases 23 and 24 respectively. 
RNA from the m utant C311U (lane 6) forms cDNA products of 127,113 and 
107 bp corresponding to C-413, C-399 and C-393, but the 109 bp product 
corresponding to C-395 was not observed.
The double mutants A A, CA, UA, and AG (lanes 7, 8, 9 and 10 respectively) 
circularised to form C-413, C-399 and C-393, as revealed by the size of cDNA 
products. However the formation of the 109 bp product corresponding to C- 
395 is not observed in any of these mutants. In addition AG RNA also formed 
a cDNA product at 121 bp which has not been further identified. CG RNA 
(lane 11) produces cDNA products of 127 and 113 bp corresponding to C-413 
and C-399 respectively and an unidentified product of 121 bp. The 109 bp 
product corresponding to C-395 was again not present in this mutant. UG 
RNA (lane 12) produces only two cDNA products of 127 bp corresponding to
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Figure 6.12.
PCR Amplification of R N A  Circles from G264:C311 M utant RNAs.
Single stranded cDNA copies of total RNA transcription reactions were 
resuspended in 10 mM Tris-HCl (pH 7.3), 50 mM KC1, 1 mM M gC^, 50 
pM dCTP, dGTP, dTTP and dATP, 0.2 pM deoxyribonucleotide primers 
(PCR1 and PCR2) with 0.5U Taq polymerase for 25 cycles (75 s melting at 
95°C, 60 s annealing at 50°C and 60 s extension at 72°C). 10 pi aliquots of 
the PCR reactions were denatured in an equal volume of formamide stop 
solution at 75°C for 5 min and electrophoresed on a denaturing 8% 
polyacrylamide gel. Single and double base substitutions at G264 and 
C311 lead to the loss of some of the wild type circles and to the production 
of novel circle products. Lanes 1-15 show the [a -^P ] dATP labelled PCR 
products from AC, CC, UC, GA, GG, GU, AA, CA, UA, AG, CG, UG, AU, 
CU and UU RNA respectively. The amplified products were sized in 
comparison to a known sequence. The tracks are in the order T,G,C,A 
from left to right and bases 127,113 and 109 of the sequencing ladder are 
m arked in the top left hand panel.
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C-413 and a 121 bp fragment which has not been identified. RNA from the 
m utant AU only produces one cDNA product corresponding to C-413 
formation (lane 13), while RNA from CU and UU (lanes 14 & 15 respectively) 
do not produce any of the cDNA products corresponding to the wild type 
circles but produce a cDNA of 121 bp (Table 6.1).
Amongst the fifteen GC mutants three new cDNA products of 105, 107 and 
121 bp were detected by PCR amplification of cDNA from total RNA 
transcription reactions. The 107 bp fragment has been sequenced and 
corresponds to circle formation between bases 21 and 22 of the intron. This 
circle C-393 has been found in other mutants with large deletions at the 3' 
terminus of the intron (Joyce & Inoue, 1987). The 105 bp fragment is most 
likely produced by nucleophilic attack between bases 23 and 24 of the intron. 
Circle formation at this site has also been detected in mutants with large 
deletions at the 3' terminus from bases U317, C318 and U319 which are 
truncated close to C311. To explain this event a base paired interaction at base 
23 can only be drawn by disrupting the P2 stem, which is crucial in the 
positioning of the PI substrate during splicing. These mutants may be 
sufficiently disruptive to allow the partial unfolding and realignment of P2 to 
permit formation of C-391 (fig. 6.13.). The 121 bp fragment probably 
corresponds to circle formation between nucleotides 7 and 8 of the intron, but 
has not been sequenced.
The results show that the identity of the base at position 264 is crucial for C- 
395 formation, and that the substitution of a U at position C311 is able to 
prevent C-395 formation. It can be concluded that the G264:C311 interaction 
affects the fidelity of the circularisation reaction, resulting in inaccurate 
recognition of some of the normal wild type circularisation sites. These bases 
are therefore probably involved in the mechanism which recognises the
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Table 6.1.
Circle Formation in the G binding Site Mutants. The mutants are listed as the 
base pairing at positions G264 and C311, for example, the wild type is GC. 
Un is the unidentified drcle corresponding to the 121 bp PCR product.
C - 4 1 3 C - 3 9 9 C - 3 9 5 C - 3 9 4 C - 3 9 3 C - 3 9 1 Un
G . C  / / /
G A / / / / /
G G / / / / /
G . U  / / /
A C  / /
A A / / / /
A G  / / // /
A . U  /
C C / /
C A / / / /
C . G  / / / /
C U /
U C / / /
U . A / / / /
U . G  / /
U U /
G 2 1 2 C  / / / / /
Figure 6.13.
C-391 Formation in G264:C3U Mutant RNAs.
No base paired interactions can be drawn to explain the formation of C- 
391 without the disruption of the P2 stem. One interaction between 
positions 21-23 of the IGS and the P2 stem at positions 35-33 is proposed. 
The intron sequence is shown in upper case and the circularisation 
junction is indicated by an arrow.
r
U G G . A **v
1 4 * )
^  35A u  u g32 /
hairpin structures cleaved during circle formation. Their effects may be 
caused by altering the tertiary structure of the guanosine binding site, 
preventing accurate positioning of the 3’ terminal guanosine or by disrupting 
binding and recognition of the circularisation sites.
63.4. G212C.
The mutation G212C in the P4 stem loop (fig. 6.14) has been shown to disrupt 
the core structure of the ribozyme (Waring et ah, 1985) and has been 
proposed to form a tertiary interaction with C260 (Michel & Westhof, 1990). 
Precursor RNA from this mutant shows a marked decrease in splicing 
activity with guanosine (Flor et ah, 1989), similar to that observed with the 
G264:C311 mutants. However, splicing in the G212C m utant is restored at 
high magnesium concentrations. These observations may place G212 in, or 
close to, the guanosine binding site.
Circular RNA products from the m utant G212C were converted to cDNA, 
amplified in the presence of [a-^F] dATP and electrophoresed on a 
denaturing 8% polyacrylamide gel (fig. 6.15). The three normal wild type 
cDNA products of 127,113 and 109 bp corresponding to C-413, C-399 and C- 
395 respectively were detected, as well as a new product of 108 bp 
corresponding to circle formation between bases 20 and 21 of the intron. In 
addition to these clearly defined circles, a laddering effect is visible, which 
represents circle formation at all of the phosphodiester bonds between bases 8 
and 22 of the intron. This indicates that G212 is absolutely essential for the 
fidelity of the circularisation reaction and therefore has an important role in 




Proposed Tertiary Interactions of the Nucleotide G212.
The nucleotide G212 is base paired to C109 and forms part of the P4 base 
paired stem. A tertiary interaction between G212 and C260 which forms 
part of a triple helix containing P4 and P6 is proposed (Michel & Westhof, 
1990). The identity of the base at position 212 has been shown to be 
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Figure 6.15.
PCR Amplification Products ofG212C M utant RN A .
Single stranded cDNA copies of total RNA transcription reactions were 
resuspended in 10 mM Tris-HCl (pH 7.3), 50 mM KC1, 1 mM M gC^, 50 
pM dCTP, dGTP, dTTP and dATP, 0.2 pM deoxyribonucleotide primers 
(PCR1 and PCR2) with 0.5U Taq polymerase for 25 cycles (75 s melting at 
95°C, 60 s annealing at 50°C and 60 s extension at 72°C). 10 pi aliquots of 
the PCR reactions were denatured in an equal volume of formamide stop 
solution at 75°C for 5 min and electrophoresed on a denaturing 8% 
polyacrylamide gel. The amplified products were sized in comparison to a 
known sequence. The tracks are in the order A,C,G,T from left to right. 
Lane A: G212C produces a ladder of circle products corresponding to 
circularisation at all of the phosphodiester bonds between bases 8 and 22 
of the intron, including products corresponding to C-413, C-399, and C- 
394. The unm arked lanes refer to mutants C-4U:G25A and G25A (Ch. 5.).
7. DISCUSSION.
7.1. Introduction.
The initial studies of this work were to identify the splicing and 
drcularisation products formed by mutant Tetrahymena ribozymes in order to 
further characterise the mechanisms involved in RNA catalysis. The 
appearance of new circle products in mutants with base substitutions within 
the 5' exon sequences and the IGS led on to an investigation of the 
mechanisms involved in circularisation site recognition. A general method 
was established to capture cDNA copies of RNA circle junctions and was 
followed by analysis of the characteristics of new circularisation sites to 
identify any possible conserved sequence elements that may be responsible 
for drcularisation site recognition.
7.2. Analysis o f the Method.
The three wild type drcularisation sites present in Tetrahymena were 
originally identified using the method of Zaug and coworkers (1983). This 
was based on the sizing of the oligoribonucleotides released from 5' end- 
labelled IVS during circularisation. However, this method is only able to 
detect the oligoribonucleotides released from the first circularisation event of 
the IVS and not subsequent ones. Therefore, circles that are derived from 
hairpin structures that form after a primary circularisation event and 
subsequent hydrolysis would not be detected. The PCR method discribed in 
Chapter 3 can locate all of the circularisation sites cleaved by the ribozyme. A 
possible exception to this may be circles which have an unusually rapid rate 
of hydrolysis, thus preventing cDNA synthesis across their circle junctions.
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Autoradiographs obtained from polyacrylamide gels of the wild type 
transcription reactions show that, of the three circles, C-399 and C-395 are 
produced substantial amounts whereas C-413 is only present as a small 
percentage of the total circle RNA. The presence of only small amounts of a 
circle does not relate to its importance in the reaction mechanism since in the 
wild type both C-399 and C-395 can be formed by several routes some of 
which use up C-413 during their formation. The percentage of any circle 
present can be obtained from a densitometer trace of autoradiographs to give 
a quantitative result. The PCR method amplifies the three wild type circles to 
the same intensity regardless of the amount of circle present initially. It is 
therefore a qualitative measure, but has the advantage that all of the 
circularisation sites are identified. The PCR method is the only route possible 
for analysing small amounts of RNA circles, for example, mutants with base 
substitutions that prevent efficient splicing show a decreased amount of circle 
formation. The tiny amounts of oligoribonucleotides released during 
circularisation of these mutants would not easily be detected by the method 
of Zaug and coworkers (1983).
The PCR products can be accurately sized using a known sequence to identify 
the 127 bp product which corresponds to the wild type circle C-413. The size 
of other cDNA products can then be compared to the 127 bp wild type 
product. Care m ust however be taken to correctly identify the PCR products, 
since their size on a denaturing acrylamide gel does not necessarily relate to 
the origin of the circle product because circularisation can occur by more than 
one event. For example a 120 bp product would be produced by 
circularisation between bases 8 and 9 of the intron, but in the m utant C413A 
the 120 bp product corresponds to circularisation 3' to the 5' terminal 
guanosine of the 5' exon, followed by circle reopening 8 bases downstream of 
the site of circle formation and a further circularisation event at the normal C-
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399 site. Therefore, the amplified circle products have to be cloned and 
sequenced in order to identify the bases present and hence the events leading 
to circle formation at a particular site.
73. A  comparison o f the primary sequences o f circularisation sites.
The wild type ribozyme forms three circles C-413, C-399 and C-395. The sites 
of circularisation are all upstream from a tripyrimidine tract adjacent to a G.U 
wobble base pair. Table 7.1 lists the sequences flanking m utant circularisation 
sites identified in this work. A comparison of the data shows that the 
Tetrahymena ribozyme has a preference for pyrimidine residues in the three 
positions proceeding the circularisation site. However, a tripyrimidine tract is 
not an absolute requirement for recognition of the new circularisation sites. A 
G.U wobble base pair at the circularisation site is also preferred, but is not 
essential for circularisation site recognition. Unlike the first step in the 
splicing reaction, circularisation can occur after an A.U or a C.G Watson- 
Crick base pair. This suggests that the ribozyme does not recognise a 
circularisation site solely by the presence of a wobble base pair as was 
suggested for 5' splice site recognition. The variety of circularisation sites 
recognised and their lack of any obvious conservation suggests that their 
primary sequence alone is not sufficient for their recognition.
7.4. The secondary structure o f the circularisation sites.
M utant ribozymes containing altered nucleotides in the 5' exon and 5' intron 
sequences that disrupt the structure of the PI stem result in the recognition 
of cryptic circularisation sites. The cleavage of a circularisation site is 
dependant on the ability of the RNA to form a Watson-Crick base paired stem 
that is recognised by the core. Many mutants can form alternative base paired 
stem regions, leading to the formation of new circles, for example, C-410 
formation in mutants G23C:A24U and G23C:A24U/C_2G:U_3A. The base
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A Comparison of the Novel Circularisation Sites of the Tetrahymena Ribozyme.
A  comparison of the circularisation sites identified in this work shows the 
preference of the ribozyme for a tripyrimidine tract and a G.U base pair 
adjacent to the cleavage site.
paired stems that I have predicted to form during circularisation have no 
conserved features. Neither the primary sequence of the stem, the stem length 
nor the number of bases in the unpaired loop have any similarities. I can 
therefore conclude that the ribozyme has the ability to interact with a diverse 
range of substrates and that the core structure probably contains more than 
one RNA binding site.
73. Tertiary Interactions during Circularisation.
The circularisation sites that have been identified in the 5' exon sequence, C- 
413, C-413:5E2, C-413:5E4 and C-413:5E8, are likely to be recognised by the 
same tertiary interactions as the PI stem (fig. 7.2). If these interactions are 
compared to those proposed by Michel and Westhof (1990) the common 
features are: 1. the presence of two conserved bases (a G opposite the base 
immediately upstream from the circularisation site and a C two bases 
upstream  from the circularisation site); 2. three of the four sites have a uridine 
at a position 3 bases upstream from the circularisation site. These three bases 
probably play an important role in the recognition of the structures for 
circularisation in the 5' exon.
Circles that have been identified within the 5' intron sequence, C-399, C-395, 
C-393, C-405, C-407 and C-410 do not show a good correlation with the 
position and identity of the bases involved in PI recognition (fig. 7.3). It can 
therefore be concluded that the wide range of circularisation sites cleaved by 
the intron are probably recognised by different tertiary interactions within a 
common binding region.
7.6. The Fidelity o f Circularisation.
Fidelity is the ability of the ribozyme to cleave the RNA substrate at the 
correct phosphodiester bond. I have shown that the fidelity of the
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Figure_7JL
A Comparison of PI Tertiary Interactions and Circles formed in the 5 ' exon.
Proposed tertiary interactions, between the hairpin loop structures formed 
during circle formation in the 5* exon sequence and the core, are compared 
to the set of tertiary interactions identified for the recognition of PI. Bases 
that may be involved in tertiary interactions are underlined. The results 
suggest at least three common tertiary interactions for these hairpin 
structures within the core. This may indicate the use of a common binding 
site for PI during 5' splice site cleavage and circle formation in the 5' exon.
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Tertiary Interactions of Circles formed in the 5 ' Intron Sequence.
Possible tertiary interactions, between the hairpin loop structures formed 
during circle formation in the 5' intron sequence and the core, are 
compared to the set of tertiary interactions identified for the recognition of 
PI. Bases that may be involved in tertiary interactions are underlined. The 
results suggest that there is no common binding site for these hairpin 
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circularisation reaction is disrupted by a wide range of mutations in both the 
substrate RNA (PI), the RNA core (the substrate binding site) and the active 
3' terminus of the intron. This work has shown that the presence of a G.U 
wobble base pair at the C-413 and C-395 wild type circularisation site is 
essential for the fidelity of circularisation. Base substitutions that change 
these base pairing interactions to an A.U Watson-Crick base pair result in the 
formation of other circles besides those formed at the original circularisation 
sites. The structure of the PI stem loop is also important for the fidelity of 
circularisation, since any mutants which alter the most favourable base paired 
sequence and that may realign PI result in novel circle formation. Base 
substitutions that produce hairpin loop structures not present in the wild 
type RNA are recognised and cleaved by the m utant ribozymes. However, 
the ability of the RNA to cleave the hairpins at sites other than those normally 
recognised in the wild type, and the wide variety of new sites cleaved, 
suggests the presence of more than one binding site for the RNA substrate 
within the tertiary structure of the ribozyme.
Base substitution in the reactive 3’ terminus of the intron, which disrupt the 
formation of P9.0 and prevent binding of the terminal nucleotide to the RNA, 
also result in a loss of fidelity of circularisation as is shown by the appearance 
of the circle C-413:5E23. This is most probably caused by the inaccurate 
alignment of the 3' terminal guanosine in its binding site. There is also a loss 
of fidelity in mutants containing base substitutions at the G264:C311 base 
pairing interaction and G212, suggesting the involvement of these bases in 
the mechanism of circularisation site recognition. Mutations to bases G264 
and C-311 result in the loss of some sites and not others, {e.g., C-395 formation 
is abolished in G264 mutants). This is most probably due to the loss of 
recognition of this site either by preventing the docking of the RNA hairpin 
loop to its binding site or by inaccurately positioning the terminal guanosine
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in the guanosine binding site. These results again suggest the involvement of 
different docking sites for each hairpin loop during circle formation, since 
circle formation at some sites is abolished while at others it is not.
Base substitutions at nucleotide G212, on the other hand, result in a ladder of 
amplified circle products, indicating a total loss of fidelity of circularisation 
site recognition. It can therefore be concluded that this base is not only 
involved in tertiary interactions that are essential to the splicing reaction but 
that it is also essential for the fidelity of circularisation. These effects are most 
probably a result of the involvement of G212 in the tertiary structure of the 
RNA that is involved in the formation of the hairpin loop binding sites.
These results led me to the proposal of a two stage binding model. Firstly the 
RNA substrate is formed via Watson-Crick base pairing interactions. The 
second stage is the binding of the RNA substrate at a particular set of tertiary 
interactions within the hairpin loop binding region. For example the base 
paired stem structures, containing the circularisation site, is aligned within a 
common binding region, but its positioning and orientation within the 
binding region and hence its binding to the ribozyme via tertiary RNA-RNA 
interactions are determined by its secondary structure. The phosphodiester 
bond attacked during circularisation would therefore be dependant on the 
structure of the base paired region and its alignment within the binding site. 
A similar model was proposed by Herschlag (1992) to explain the loss of 
fidelity of 5' splice site cleavage in mutants with altered J1/J2 sequences. The 
PI stem and the circularisation sites are therefore recognised by the same 
mechanisms but at different tertiary binding sites within the core.
The Tetrahymena ribozyme therefore is a highly versatile molecule and once 
the wild type structure has been altered by base substitution a large selection
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of RNA substrates can be recognised and cleaved. However these substrates 
are still cleaved at specific sites, with G212C being the only m utant in these 
studies to show a complete loss of specificity. The Tetrahymena ribozyme is 
therefore a highly complex molecule which has evolved to perform a specific 
biological function and even single base substitutions lead to a loss in 
substrate specificity an d /o r catalytic activity. A greater knowledge of both 
the structure of RNA binding sites within the ribozyme and the structure of 
the cleavage sites of the RNA substrates would allow the expansion of its use 
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The Primers used to introduce Mutations at bases G264 and C311. 



















APPENDIX V. RESTRICTION ENZYME BUFFERS.
EcoRI (G.AATTC)
lOmM Tris-HCl pH 7.5 
lOOmM NaCl 
lOmM MgClo 
ImM  DTT (aithiothreitol)
37°C
Hindlll (A.AGCTT)
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